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Abstract 
 
Acid rock drainage (ARD) is defined as acidic waste-water contaminated with sulphate and heavy 
metals which is generated through the oxidation of sulphidic ores in the presence of water and 
oxygen. Mining activities accelerate this process by bringing these ores to the surface where they 
are further crushed and, eventually end up in waste rock dumps and tailing impoundments where 
they continue to generate ARD into perpetuity.  
Active mining operations are mandated to prevent the discharge of ARD into the environment. 
This ARD is commonly remediated by expensive yet highly effective active treatment strategies 
such as high-density sludge processes and reverse osmosis. South Africa has an extensive history 
of gold and coal mining which has left abandoned mine workings with associated waste rock dumps 
throughout northern and eastern parts of the country. As many of these mines have long been 
abandoned, the responsibility to mitigate the environmental impact of the generated ARD lies 
solely with government. Although these diffuse sites often generate smaller volumes of less 
aggressive ARD compared to that generated through mine water rebound, the sheer number and 
the continual ARD generation from these sites is a severe threat to South Africa’s already poor 
water security.  
Biological sulphate reduction (BSR) has long been considered an attractive option for the long-
term remediation of these low-volume sources of ARD – but its implementation has shown mixed 
success. BSR is a process catalysed through the innate metabolism of sulphate-reducing bacteria 
(SRB) which coexist within complex microbial communities. SRB themselves are a highly diverse 
group of anaerobic microorganisms which use sulphate as a terminal electron acceptor. The 
sulphide and bicarbonate produced during BSR can be used to precipitate heavy metals and aid in 
the neutralisation of the ARD, respectively. The implementation of BSR is, therefore, a 
comprehensive remediation strategy for diffuse sources of ARD. The study of BSR, using various 
reactor configurations and operating conditions shows much promise. However, the microbial 
ecology of the complex communities within BSR systems, and their links to the performance of 
BSR processes, has received far less attention in published literature. This is not a result of 
underappreciation of the role microbial communities but rather a historical lack of tools, 
specifically high-throughput techniques, available to assess complex microbial consortia. 
It is asserted that the success of a sustainable BSR process developed for the long-term 
remediation of ARD requires an in-depth understanding the microbial communities associated 
with this process. The identification of the microorganisms which are key to the process, those 
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which threaten the stability of the community and the optimal growth conditions of these 
microorganisms, can be used to inform how these bioreactors are designed and operated. This 
study investigated the performance and microbial ecology of several continuous BSR reactors using 
culture-independent metagenomic sequencing approaches. The performance and microbial 
ecology of these reactors were evaluated at a range of hydraulic residence times (HRT) over the 
course of approximately 1000 days of continuous operation, from five- through to one-day(s). The 
tested reactor configurations included a continuous stirred tank reactor (CSTR), an up-flow 
anaerobic packed bed reactor (UAPBR) and a linear flow channel reactor (LFCR) that were each 
operated in duplicate and supplemented with either lactate or acetate as an electron donor. The 
different reactor configurations and supplied electron donors, as well as the varied applied HRT, 
generated a range of microenvironments which were hypothesised to lead to the divergence of 
the initial microbial community of the inoculum and generate numerous distinct microbial 
communities throughout and across the reactor systems. 16S rRNA gene amplicon sequencing 
was used to assess the microbial community structure of the numerous populations across the 
reactor systems and monitor how these communities responded to the change in the applied 
HRT. Genome-resolved metagenomics was employed in parallel to recover the genomes of all 
predominant microorganisms identified through gene amplicon sequencing. This allowed the 
interrogation of the composition of the respective microbial communities as well as the genetic 
potential of each microorganism and encompassing the communities represented within specific 
reactor environments. 
The CSTRs were selected as these systems are characterised as well-mixed, support solely 
suspended biomass and kinetic equilibriums are achieved rapidly. This allows the performance of 
these reactors to be predictable and provides a benchmark to which the LFCRs and UAPBRs 
could be compared. The lactate-supplemented CSTR performed largely as anticipated based on 
available literature, demonstrating a maintained sulphate conversion of approximately 55% over 
the course of the study. The reactor achieved a maximum observed volumetric sulphate reduction 
rate (VSRR) of 17 mg/ℓ.h at a one-day HRT. The system supported a low SRB diversity, constituted 
almost entirely by a Desulfomicrobium and two Desulfovibrio operational taxonomic units (OTUs). 
The acetate-supplemented CSTR was able to maintain sulphate reducing performance at HRT 
where complete washout of SRB had been predicted based on literature. This reactor exhibited a 
maximum VSRR of 10.8 mg/ℓ.h at a 1.5-day HRT and was dominated by the same Desulfovibrio and 
Desulfomicrobium observed in the lactate-supplemented CSTR, along with several other SRB genera 
at lower abundance. 
The LFCRs demonstrated an approximately ten-fold greater biomass retention than the 
corresponding CSTRs. This was facilitated through the incorporation of carbon microfibres, which 
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facilitated microbial colonisation and biofilm formation within the reactors. Surprisingly, the 
lactate-supplemented LFCR, underperformed compared to the lactate-supplemented CSTR, 
achieving a maximum VSRR of 14.8 mg/ℓ.h at a one-day HRT. This reduced performance, in spite 
of the enhanced biomass retention, was concluded to result from the out-competition of lactate-
oxidising SRB in the reactor by Veillonella and Enterobacter OTUs. The acetate-supplemented LFCR 
exhibited a period of underperformance before recovering and subsequently demonstrated a 
maximum VSRR of 17.1 mg/ℓ.h at a one-day HRT. Evaluations of the microbial communities of this 
system during the HRT study revealed a dramatic shift in the SRB communities from being 
dominated by Desulfatitalea and Desulfovibrio to being dominated predominantly by 
Desulfomicrobium and Desulfobacter. 
The UAPBRs are governed by plug-flow which resulted in the generation of gradients of decreasing 
substrates and increasing products throughout the height of the reactors. This, as hypothesised, 
resulted in the stratification of the microbial communities throughout the height of these reactors. 
This allowed many associations to be made between specific microorganisms and their ideal 
growth environments. Both UAPBRs demonstrated competitive sulphate reducing performance. 
The lactate-supplemented UAPBR proved especially successful as this system was able to maintain 
>95% sulphate conversion at one-day HRT, corresponding with a VSRR of 40.1 mg/ℓ.h. The 
performance of this reactor was attributed to the significant quantity of retained biomass and the 
successful harbouring of lactate-oxidising SRB towards the inlet zone of the reactor  as well as 
propionate- and acetate-oxidising SRB towards the effluent zones of the reactor. The acetate-
supplemented UAPBR exhibited a maximum VSRR of 23.2 mg/ℓ.h at a one-day HRT and a 
maximum sulphate conversion of 79% at a 2.3-day HRT. The stratification of the microbial 
communities within the acetate-supplemented UAPBR was less pronounced than the lactate-
supplemented UAPBR, as a result of the fewer available volatile fatty acid species. However, the 
stratification which was observed in this system could be used to postulate the growth kinetics 
associated with the identified SRB – a Desulfobulbus was associated with rapid acetate oxidation in 
the inlet zone while a Desulfatitalea and a Desulfosarcina could be implicated in sulphate scavenging 
in the effluent zone of this reactor. This proved particularly valuable for elucidating the roles of 
these same SRB in the well-mixed reactor systems.  
Genome-resolved metagenomics was employed to recover the genomes of the microorganisms 
identified in these systems and determine the metabolic potential of these microorganisms. 
Hydrogen-evolving hydrogenase genes were found to be widespread in genomes not capable of 
sulphate reduction. In contrast, hydrogen-consuming hydrogenases as well as autotrophic gene 
pathways were common amongst SRB genomes. The ubiquity of hydrogenase genes in these 
environments indicated that inter-species hydrogen transfer was an important feature within these 
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microbial communities. The dual consumption of both acetate and hydrogen was concluded to 
have facilitated the maintained sulphate reducing performance of the acetate-supplemented 
reactor systems at short HRT where system failure had been predicted. Indices of replication 
(iRep) were used to estimate the instantaneous growth rates of the microorganisms from 
metagenomic shotgun sequencing datasets. This revealed that, at a four-day HRT, the 
microorganisms within the biofilms were comparably active to planktonic microorganisms. This, 
together with the dynamic changes in the composition of these biofilms during the HRT study, 
suggests these biofilms are even more active and competitive than previously thought. 
The combined use of next-generation gene amplicon sequencing and genome-resolved 
metagenomics has given unprecedented insights into the microbial communities of BSR reactor 
systems. Using this approach, it was possible to uncover a seldom discussed form of hydrogen 
cycling within BSR systems and has shown that there is no ‘one-size-fits-all’ approach when 
inoculating BSR reactors. The SRB within these systems were often highly specialised to particular 
environments, specific electron donors and each showed differing growth kinetics. The success of 
long-term, semi-passive BSR reactor systems would benefit greatly from the tailoring of SRB 
inoculums informed by the chosen reactor configuration and operating conditions. The outcomes 
of the kinetic reactor experiments have led to several recommendations for the design and 
operation of these systems.  
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Chapter 1  Introduction 
 
1.1 Background 
Acid rock drainage (ARD) is a serious environmental threat associated with current and historic 
mining activities in many countries. South Africa is a semi-arid country fast approaching a national 
water crisis due to prolonged droughts and increasing demand on freshwater resources that, in 
mining areas, is exacerbated by ARD contamination. ARD is formed through the weathering of 
sulphidic ores when exposed to oxygen and water. This produces low pH solutions with elevated 
concentrations of sulphate and heavy metal ions (Johnson and Hallberg, 2005). This process occurs 
spontaneously and can be further accelerated by the microbial oxidation of these sulphide 
compounds (Zagury and Neculita, 2007). ARD formation is significantly enhanced by mining 
operations which expose acid-generating ores to oxygen and water. Furthermore, the processing 
of these ores greatly enhances the liberation of the sulphide minerals and their surface area 
available for oxidation.  
South Africa has an extensive history of mining and experienced large scale mine closures during 
the late 1900s (Mulunda, 2013) continuing currently. Several legislation acts were passed during 
the 1990s aimed at regulating the remediation of ARD (Matsumoto et al., 2016), however, the 
treatment of historic mine water pollution has been left exclusively to the state. As a result, ARD 
is regarded as the most severe threat to South Africa’s long-term freshwater security. The sources 
of ARD in South Africa can be broadly categorised into two groups: (i) ARD emanating from 
groundwater rebound through abandoned mine workings and (ii) ARD originating from more 
diffuse sources, such as abandoned coal and gold tailing impoundments, waste rock dumps and 
unworked pits. The latter generates smaller seasonal volumes of less aggressive ARD. The 
Witwatersrand Gold Fields, the O’Kiep Copper District (McCarthy, 2011) as well as the 
Mpumalanga coalfields (Gunther, 2006) have shown severe ARD discharge generated from mine 
water rebound. These are currently treated by a high-density sludge process (Aube and Payant, 
1997) and reverse osmosis (Hutton et al., 2009). While this process can treat large volumes of 
ARD, it is very costly (McCarthy, 2011). In contrast, the number of these sites and longevity of 
the generation of the diffuse ARD sources has created a problem not readily addressed by 
chemical treatments. Instead, sustainable alternatives are crucial for the remediation of this form 
of ARD. 
Numerous studies have demonstrated the use of biological sulphate reduction (BSR) as an effective 
strategy for the remediation of low-volume ARD sources (Kolmert and Johnson, 2001; Lens et al., 
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2002; Boshoff et al., 2004; Zagury and Neculita, 2007). These processes make use of mixed 
consortia of sulphate-reducing bacteria (SRB). This diverse group of anaerobic microorganisms 
use sulphate (SO42-) as the terminal electron acceptor in the oxidation of organic compounds, 
resulting in the formation of hydrogen sulphide and bicarbonate (Muyzer and Stams, 2008). The 
produced hydrogen sulphide can be used to precipitate heavy metals and the bicarbonate aids in 
neutralisation of the solution, making BSR-based processes ideal for the treatment of low-volume 
ARD effluents. The success of a BSR process tasked with the remediation of ARD must overcome 
several challenges, including (i) the efficient use of a cost-effective carbon source and electron 
donor, (ii) overcoming the relatively low growth rates of SRB, to enable greater reaction rates, 
and (iii) the proper handling of the toxic sulphide which is generated during the process.  
Overcoming each these challenges depends on the choice of reactor configuration and operating 
conditions (Harrison et al., 2014). BSR reactors must provide environments where the SRB, within 
mixed microbial communities, are able to effectively compete for the available electron donors. 
These systems also should facilitate SRB biomass retention to allow the decoupling of the hydraulic 
and the biomass retention times, thereby allowing greater reaction rates to be achieved. Finally, 
these systems should be configured to enable the removal of the generated sulphide (van Hille et 
al., 2011) as this represents a toxic by-product and one which can also spontaneously re-oxidise 
to sulphate if not properly managed. Solutions to address these challenges are seldom informed 
from the direct analyses of these BSR microbial communities. This has left many important 
questions surrounding the link between system performance and microbial ecology of BSR systems 
only partially answered. These relate to which SRB are key to reactor performance given the 
provision of particular electron donor(s); which microbial niches are essential for overall 
community stability; what are the ideal growth conditions of these SRB and key-stone 
microorganisms within a mixed microbial culture; which microorganisms are detrimental to 
system performance; and what reactor configurations and operating conditions can select against 
these microorganisms. Addressing these questions would undoubtedly inform the design and 
operation of BSR systems and thereby enhance system performance and robustness. 
Another frequent difficulty when operating these systems, and likely a symptom of our limited 
understanding of the complex microbial communities within these bioreactors, has been the 
vulnerability of SRB to perturbations that lead to unpredictable reactor performance (Zagury and 
Neculita, 2007). The microbial diversity and the structure-function relationships within these 
consortia have typically been poorly, or little studied. This has not been due to an underestimation 
of the importance of investigating the microbial ecology, but due to the limitations in the available 
technologies. The advent of culture-independent techniques, including next-generation sequencing 
(NGS) technologies, has allowed unprecedented insights into the structure-function relationships 
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within mixed microbial communities (Breitbart et al., 2003). The use of gene amplicon sequencing, 
routinely targeting the 16S rRNA gene, allows the rapid assessment of the composition of 
microbial communities in high-resolution and simultaneously across multiple samples (Langille et 
al., 2013). This technique is now used more frequently to study BSR systems (Zheng et al., 2014; 
Zhou et al., 2015; Vasquez et al., 2018). Genome-resolved metagenomics has been used to 
characterise the microbial communities and their metabolic potential within environmental 
samples and, notably, several biotechnological processes, including thiocyanate biodegradation 
(Kantor et al., 2015; Kantor et al., 2017; Rahman et al., 2017), municipal wastewater treatment 
(Roume et al., 2015) and anaerobic digestion (Vanwonterghem et al., 2016). However, the use of 
genome-resolved metagenomics has not yet been applied to biological sulphate reducing systems. 
This study investigates the performance of three BSR reactor configurations, each operated in 
duplicate and supplemented with acetate and lactate, separately. These electron donors, despite 
current limitations to their commercial use, represent the most promising electron donors for 
this purpose. Lactate is an expensive electron donor but supports some of the higest SRB growth 
rates compared with other organic electron donors. Lactate is typically supplied at concentrations 
in excess needed for complete sulphate removal via incomplete lactate oxidation. In this study, 
lactate was supplied at concentrations which theoretically allow a maximum of 64% of the supplied 
sulphate to be reduced via incomplete lactate oxidation. Further sulphate conversion requires the 
subsequent utilisation of by-products of lactate oxidation, namely acetate and propionate, by SRB. 
Supplementation of lactate at this concentration greatly reduces the amount of lactate required 
and the associated operating costs. Acetate is a low-cost electron donor but supports low SRB 
growth rates and is often poorly utilised. This study aimed to identify the operating conditions and 
the microbial consortia required for efficient acetate utilisation and competitive reaction rates. 
The criteria used for the selection of these reactor configurations and operating conditions were 
based on previous BSR reactor studies which have shown effective semi-passive operation. 
Secondly, the reactor systems were selected to generate a range of physiochemical conditions as 
a result of differences in reactor hydrodynamics, supplied electron donors and inclusion of solid 
support structures - all of which aimed to stimulate the development of a range distinct microbial 
communities. The performance of these six BSR reactors was monitored over the course of a 
hydraulic residence time (HRT) study. These reactors were simultaneously inoculated with the 
same inoculum and were initially operated at long HRT. The HRT was then iteratively reduced, 
acting as a further selective pressure on the microbial communities. Genome-resolved 
metagenomics was employed to characterise the composition and metabolic potential of the 
microbial consortia within each of these reactor systems, in combination with 16S rRNA gene 
amplicon sequencing which allowed for the composition of these microbial communities to be 
monitored as the hydraulic retention time was reduced. This approach allowed many microbial 
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communities associated with BSR reactor systems to be evaluated and for this information to be 
integrated with reactor performance. This enabled the contribution of individual microorganisms, 
and groups of microorganisms, towards system performance and robustness to be determined. 
1.2 Thesis overview 
Literature relating to this study are critically reviewed in Chapter 2. Topics addressed include the 
generation of ARD; different strategies to remediate ARD with a strong focus on biological 
sulphate reduction and its use in semi-passive ARD remediation; ecology and metabolism of SRB 
which catalyse BSR; and the use of metagenomics, next-generation sequencing (NGS) and 
bioinformatics for the evaluation of the composition and metabolic potential of mixed microbial 
communities. This chapter closes through motivating the scope of this study, followed by the 
setting out the hypotheses and aligned research activities. The methodologies used in this study 
are described in detail in Chapter 3 and the experimental plan is also further outlined.  
Chapters 4,5 and 6 present the studies of microbial ecology and reactor performance of the 
continuous stirred-tank reactors (CSTR), linear flow channel reactors (LFCR) and the up-flow 
anaerobic packed bed reactors (UAPBR), respectively, using acetate and lactate separately as 
electron donor. The acetate- and lactate-supplemented reactors are presented in separate 
sections within each of these chapters. The performance and microbial ecology associated with 
each reactor is evaluated during an HRT study. The results of each reactor study and their 
discussion are presented in separate sections.  
The comparison of the microbial ecology across the six reactors is presented as an integrated 
discussion in Chapter 7, having presented the ecology of individual reactors in detail in Chapters 
4 to 6. The genome-resolved metagenomic analyses of the six reactor systems are presented in 
Chapter 8. The final conclusions and the recommendation for further study are discussed in 
Chapter 9. 
  
Chapter 2  Literature review 
2.1 Acid rock drainage  
Acidic and sulphate-rich wastewater streams are generated by a number of industries including 
coal power plants (Johnson, 2000), the tannery industry (Galiana-Aleixandre et al., 2011), chemical 
industries (Sarti and Zaiat, 2011) and, chiefly, mining (Johnson and Hallberg, 2005). Acid Rock 
Drainage (ARD) refers to the acidified water that results from the natural weathering of sulphide 
containing ores, including pyrite (FeS2), chalcopyrite (CuFeS2) and arsenopyrite (FeAsS), in the 
presence of oxygen and water to produce low pH waters with an increased concentration of 
dissolved sulphate and heavy metal ions (Equations 2.1 to 2.4; Johnson and Hallberg, 2005; Akcil 
and Koldas, 2006). These ores remain chemically stable underground in the absence of oxygen. 
However, during mining activities these ores are brought to the surface where they are crushed, 
greatly increasing the liberation and exposed surface area on which these reactions are able to 
occur (Hoffert, 1947). 
2.1.1 ARD formation 
The coal and gold deposits in South Africa are largely associated with pyrite and, therefore, the 
process of ARD generation from pyrite is discussed here. Briefly, pyrite reacts with oxygen and 
water generating ferrous iron, sulphate and acidity (Equation 2-1). Ferrous iron then reacts with 
oxygen to form ferric iron (Equation 2-2). At a pH above 2.3, ferric iron precipitates to form ferric 
hydroxide which results in the release of additional protons (Equation 2-3). The generated 
protons, in turn, further accelerate the oxidation of ferrous iron (Equation 2-2). As the pH 
decreases and the solubility of ferric iron rises, the amount of ferric iron able to chemically attack 
the pyrite surface increases (Equation 2-4), greatly accelerating the rate of ARD generation. In 
addition, the oxidation of pyrite and ferrous iron is accelerated through the activity of aerobic 
chemolithotrophic iron-oxidising bacteria and archaea (Equations 2-1and 2-2; Baker and Banfield, 
2003; Zagury et al., 2006; Denef et al., 2010) which increase the rates of these reactions by several 
orders of magnitude (Johnson and Hallberg, 2005). When the pH is sufficiently low (>2) the 
formation of secondary minerals can be produced (Equation 2-5) along with sulphate, acidity and 
ferric iron. 
FeS2+ 7/2 O2+ H2O → Fe2+ + 2 SO42−+ 2 H+      Equation 2-1  
Fe2+ + 14 O2 + H+ → Fe3+ + 12 H2O       Equation 2-2 
Fe3+ +3 H2O → Fe(OH)3 + 3 H+       Equation 2-3 
FeS2 +14 Fe3+ + 8 H2O → 15 Fe3+ + 2 SO42− + 16 H+     Equation 2-4 
16 FeS2 + 60 O2 + 60 H2O → Fe8O8(SO4)(OH)6 + 8 Fe3+ + 38 H3O+ + 31 SO42  Equation 2-5 
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2.1.2 Environmental impacts of ARD 
The extent of the environmental impact of ARD is dependent on the stage of ARD formation, the 
geomorphology of the ore deposit and several factors concerning the local climate (McCarthy, 
2011). These ultimately influence the extent of the generation of acidity, sulphate and the release 
of heavy metals. Decreased pH and the release of even low concentrations of heavy metals into 
the environment can have severe consequences for terrestrial and aquatic ecosystems (Feris and 
Kotze, 2014) as well as human health (Tomlinson et al., 1980; Duruibe et al., 2007).  
ARD treatments often focus predominantly on acid neutralisation and the removal of 
contaminating heavy metals, whilst paying less attention to elevated sulphate concentrations 
(Arnold et al., 2016). This is a result of the lower environmental threat of elevated sulphate 
concentrations and less stringent regulatory guidelines. Similarly, the acidity associated with diffuse 
ARD discharge is often neutralised through dilution in larger water bodies and several chemical 
reactions. However, the sulphate concentration in many South African dams has been steadily 
increasing over the past 25 years (McCarthy, 2011). This can have serious implications for the 
agricultural industries which use this water for irrigation and for livestock. 
The World Health Organization (WHO) and US Environmental Protection Agency have stressed 
that drinking water should contain no more than 250 mg/ℓ sulphate (US EPA, 1999; Balintova et 
al., 2015) However, the legal guidelines for the industrial discharge of sulphate into the 
environment varies from country to country, with an upper permissible limit of 600 and 500 mg/ℓ 
in South Africa and the USA, respectively (Arnold et al., 2016). The sulphate concentration, even 
in neutral rock drainage (Figure 2-1) routinely exceeds these guidelines, indicating that the majority 
of ARD sources require treatment to reduce the sulphate concentration for safe and legal 
discharge into the environment. Within this thesis acid rock drainage, saline rock drainage and 
neutral rock drainage are all termed as acid rock drainage. 
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Figure 2-1 Schematic showing acid rock drainage, saline rock drainage, neutral rock drainage as a 
function of pH and sulphate concentration,  adapted from Plumlee et al. (1999).  
2.2 ARD remediation strategies  
The prevention of ARD is regarded as favourable over remediation of ARD due to the longevity 
of its generation (Johnson and Hallberg, 2005). However, in many instances, this is not feasible, 
particularly when dealing with mining sites which have long been generating ARD. Broadly, 
strategies for the remediation of ARD should aim to neutralise the acidity and, remove the heavy 
metals and sulphate ions (Johnson and Hallberg, 2002). ARD treatment options can be categorised 
into chemical or biological remediation strategies and these can both be further sub-divided into 
either active or passive treatment processes (Johnson and Hallberg, 2005). The choice of 
treatment strategy is dependent on the volumes of ARD being produced, the concentration of 
sulphate and metals, and the pH of the produced ARD (Gazea et al., 1996).  Smaller mines and 
more diffuse sources of ARD which generate less extreme forms of ARD are typically more 
amenable to passive process (Figure 2-2). This is largely due to the associated costs of remediation 
and the frequent lack of infrastructure. More aggressive forms of ARD which tend to result from 
mine water rebound, are more suitably treated using more expensive active treatment systems 
due to the volumes of ARD generated and the severity of the ARD. 
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Figure 2-2 The trade-offs between passive and active treatments of ARD regarding the operational 
parameters and the effectiveness of the process, adapted from Kaksonen and Puhakka 
(2007). 
2.2.1 Active treatment 
The Karroo supergroup is a large geological formation containing one of the world’s largest gold 
deposits. Historical and current large-scale mining in this small area has led to the continuous 
generation of large volumes of highly acidic, saline and heavy metal-rich ARD (McCarthy, 2011). 
The severity of the environmental impact of this ARD and the volumes produced mean that 
remediation via active treatments are essential. Active ARD treatment systems require the 
continuous input of materials, maintenance and labour. The implementation of active treatments 
generally requires the construction of a treatment facility comprising specialised equipment with 
large capital and operating expenditures (Gazea et al., 1996). The tight regulation of the 
operational conditions, the high kinetic rates and the short residence times associated with active 
treatment means that ARD streams of large volumes, low pH and high heavy metal and sulphate 
concentrations are best suited to this form of treatment.  
The most commonly used active ARD treatment involves the addition of an alkaline chemical for 
neutralisation (Coulton et al., 2003). Lime is typically used for this purpose due to its lower cost 
compared to other alkaline reagents such as sodium hydroxide. However, lime is hydrophobic and 
requires considerable energy input to ensure sufficient mixing in solution (Skousen et al., 2000). 
The addition of alkaline chemicals results in metal precipitation and the formation of a high-density 
sludge that has traditionally been stored. This process can be performed in sequential steps whilst 
monitoring of the pH, allowing for the selective precipitation of various heavy metals as hydroxides 
(Aube and Payant, 1997) and the precipitation of sulphate as gypsum.  
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A second promising active treatment is the use of membrane technologies which have the 
advantage of generating potable water as a by-product (Liu et al., 2011). These processes, such as 
reverse osmosis and nanofiltration, are expensive and difficult to maintain due to fouling of the 
membranes (Simate and Ndlovu, 2014). However, with routine maintenance and pre-treatment 
steps to minimise fouling, these processes can be sustainably operated (Nasir et al., 2016; Hutton 
et al., 2009). 
Many mining areas in South Africa have shown extensive discharge of aggressive ARD, including 
the Witwatersrand Gold Fields and the O’Kiep Copper District (McCarthy, 2011) as well as the 
Mpumalanga coalfields (Gunther, 2006). The ARD generated in these areas is not suitable to be 
treated by passive treatments due to the large volumes produced. Instead, the approach for the 
treatment of these sources of ARD is the use of high-density sludge (Aube and Payant, 1997) for 
neutralisation, heavy metal removal and substantial dewatering in order to reduce the cost of 
disposal and storage (Johnson and Hallberg, 2005). The eMalahleni Water Reclamation Plant 
(Figure 2-3; Hutton et al., 2009) as well as the Optimum coal mine (Cogho and van Niekerk, 2009) 
in Mpumalanga, South Africa, have demonstrated use of ultrafiltration and reverse osmosis for 
further treating the water stream following removal of this sludge as dewatered sludge cake. This 
generates potable water and a highly concentrated brine solution which is stored in evaporation 
ponds.  
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Figure 2-3 Annotated map of South Africa showing the gold-rich Karoo supergroup and current coal 
mining operations. Adapted from McCarthy (2011) and Council for Geosciences, South 
Africa. 
 
The Alkaline barium chloride (ABC) process was developed by The Council for Scientific and 
Industrial Research (CSIR) as a cost-effective active treatment for the remediation of ARD (de 
Beer et al., 2010). The ABC process pilot-scale plant was able to neutralise and remove heavy 
metals as well as the sulphate associated with ARD originating from a gold mine in the Western 
Basin in Gauteng, South Arica (de Beer et al., 2010). The first stage of this process involves the 
precipitation of metals in a pre-treatment using CaS, Ca(HS)2 or Ca(OH)2. The majority of the 
sulphate is removed through gypsum crystallisation followed by precipitation using barium 
carbonate, generating gypsum as a value-added product. This two-step process reduced the 
sulphate concentration in the ARD from 4500 mg/ℓ to less than 100 mg/ℓ. This process was 
designed to use chemical reagents which were widely available in the region, at low costs. These 
reagents could then be regenerated from the final sludge processing stage of the process.  
2.2.2 Passive treatment 
Passive treatment options do not generally require any further labour nor additional materials 
after the process has been installed (Johnson and Hallberg, 2005). A common passive chemical 
treatment option for ARD remediation is the use of anoxic limestone drains (Kleinmann et al., 
1998). These limestone drains raise the pH of the solution and maintain iron as ferrous iron (Fe2+) 
to prevent the precipitation of ferric hydroxide which can create a passivation layer and cause 
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impermeabilisation of the limestone. In the case where the concentration of iron and other metals 
are too high, biological treatment using anaerobic wetlands becomes more viable (Hao, 2000). 
These are large ponds rich in organic matter, often supplied in the form of compost, which is 
oxidised by aerobic microorganisms resulting in the removal of oxygen from the water (Johnson 
and Hallberg, 2005). This creates anoxic conditions suitable for the proliferation of anaerobic 
microorganisms, including sulphate-reducing bacteria (SRB), methanogens and nitrate-reducing 
bacteria (Johnson and Hallberg, 2002). These ponds are often supplemented with a limestone bed 
below the compost layer to further aid in neutralisation of acidic ARD (Younger et al., 2003). 
However, these wetlands need to be established in a large area. Estimation of the size of the 
wetland needed can be difficult (Johnson and Hallberg, 2002) and if the area requirement is not 
met, the reduced residence time in the prevents adequate treatment.  
2.2.3 Semi-passive biological treatment 
A comparative summary of the main characteristics of passive and active treatment is shown in 
Figure 2-2 (Kaksonen and Puhakka, 2007). These comparisons demonstrate the trade-off between 
process control and the costs of the process. The stark contrasts between active and passive 
remediation strategies have stimulated interest in the development of semi-passive processes with 
lower associated costs, compared to active treatments, but which allow a greater degree of 
control and higher reaction rates over passive systems (Harrison et al., 2014). Semi-passive 
systems require the continual addition of materials but with minimal power or labour 
requirements (Trumm, 2010). Semi-passive ARD treatment processes are typically performed in 
bioreactors, employing biological sulphate reduction (BSR) (Nielsen et al., 2018). 
The successful development of a semi-passive process would be hugely beneficial within a South 
African context and in other countries with a legacy on mining of sulphidic deposits over a large 
land area. The ARD generated by the numerous tailings impoundments, waste rock dumps and 
unworked pits associated with coal mining across South Africa (Figure 2-3) are most suitably 
addressed by passive to semi-passive treatment processes due to the rural nature and low 
infrastructure available at many of these sites, and the number and distribution of these sites.  
2.2.4 Biological Sulphate Reduction 
Active and passive biological treatment of ARD effluents typically employ biological sulphate 
reduction (BSR). This process is catalysed by SRB, a diverse group of anaerobic microorganisms 
capable of using sulphate as their terminal electron acceptor. The term sulphate-reducing bacteria 
(SRB) is used interchangeably with sulphate reducing microorganisms or prokaryotes due to the 
capacity for dissimilatory sulphate reduction occurring in several species of archaea (Itoh et al., 
1999). In addition to the reduction of sulphate, this process generates alkalinity and metals can be 
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precipitated with the generated sulphide, thereby effectively reversing the process of ARD 
generation. The feasibility of the application of BSR for semi-passive treatment of ARD is 
dependent on the availability and cost of electron donors and their efficient use (Section 2.3,  
Gopal, 2005; Harrison et al., 2014). Further, the reaction rates of the process need to be 
maximised to ensure feasibility in terms of reactor sizing and cost (Gopal, 2005; Harrison et al., 
2014). A major weakness of this process has been the susceptibility of SRB to perturbations leading 
to unpredictable reactor performance (Zagury and Neculita, 2007) i.e. lack of resilience. These 
perturbations include changes in ambient temperatures (Lefticariu et al., 2015), changes in the 
applied HRT (Baskaran and Nemati, 2006) and the gradual change in the composition of the 
complex organic electron donor (Das et al., 2012; Mirjafari and Baldwin, 2016; Sato et al., 2018). 
The reactor configurations used for semi-passive BSR treatment of ARD are discussed in Section 
2.5.  
2.3 Sulphate-reducing bacteria  
2.3.1 The ecology of SRB 
SRB are found in a wide variety of anaerobic environments including deep-sea hydrothermal vents 
(Thauer et al., 2007), rice fields (Loubinoux et al., 2002), ARD effluents (Barton, 1995), anoxic 
river sediments (Sul et al., 2009) and the gastrointestinal tracts of ruminant animals (Rabus, et al. 
2006). As of 2008, all identified SRB were classified within only five bacterial and two archaeal 
phyla, with the majority of SRB genera classified to the classes, Deltaproteobacteria and Clostridia 
(Muyzer and Stams, 2008). However, the discovery of new taxa of SRB had relied largely upon 
targeted dsrAB gene surveys using molecular techniques. The subsequent characterisation of SRB 
historically relied on cultivation which hugely limited the number of SRB which could be studied. 
Since then, genome-resolved metagenomics (Section 2.8.3) has facilitated the recent identification 
of numerous microorganisms capable of dissimilatory sulphate reduction within an environment 
and thoroughly assessed their metabolic potential (Bendall et al., 2016; Probst et al., 2017; 
Timmers et al., 2018). A genomic survey for genes involved in the sulphur cycle, performed by 
Anantharaman et al. (2018), brought the total number of bacterial and archaeal phyla in which SRB 
belonged to 18 and four, respectively (Figure 2-4). This has serious implications for the reliance 
on 16S rRNA gene sequencing alone for the identification of SRB and assessment of SRB diversity 
within complex microbial communities.  
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Figure 2-4 Phylogenetic consensus neighbour-joining and maximum-likelihood tree of 16S rRNA gene 
sequences of microorganisms with the genetic capacity to perform dissimilatory sulphate 
reduction, presented by Anantharaman et al. (2018). Sequences are collapsed at the 
phylum level and are so labelled. Asterisks indicate phyla which were found to contain 
sulphate reducers by Anantharaman et al. (2018). 
2.3.2 Molecular mechanism of sulphate reduction 
Dissimilatory sulphate reduction occurs in four main steps (Figure 2-5) following the transport of 
sulphate across the membrane by a sulphate transporter embedded in the cell membrane. The 
reduction of sulphate to sulphite is performed in two steps due to the sulphate-sulphite redox 
couple being too negative for NADH or ferredoxin oxidation (E°’ = -516 mV; Muyzer and Stams, 
2008). Sulphate is first activated to adenosine 5-phosphosulfate (APS) by sulphate 
adenylyltransferase (Sat; Shen and Buick, 2004). The redox potential of APS-sulphite is just E°’ = -
60 mV and therefore the oxidation of NAD and ferredoxin becomes favourable (E°’ of -314 mV 
and -398 mV, respectively). APS is subsequently oxidised by APS reductase (AprAB) to sulphite, 
with the two electrons being donated from the membrane-bound QmoABC complex (Oliveira et 
al., 2011). The produced sulphite becomes covalently bound to the active site of the dissimilatory 
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sulphite reductase complex (DsrAB). It was understood that the further reduction of sulphite to 
sulphide was energetically favourable but the mechanism for this was unknown until recently.  
 
Figure 2-5 The dissimilatory sulphate reducing pathway adapted from Santos et al. (2015) and Ruckert 
(2016).  
 
Oliveira et al. (2011) resolved the first crystal structure of DsrAB with and without being 
complexed to a DsrC subunit. Analysis of the active site of this complex led the authors to 
conclude that DsrC was not merely a structural subunit of the Dsr complex but was also a co-
substrate of DsrAB which is directly involved in the reduction of sulphite to sulphide. This was 
confirmed experimentally by Santos et al. (2015) who demonstrated that a trisulphide forms 
between two cysteine residues on DsrC, catalysed by DsrAB. The final reduction of this trisulphide 
bound to DsrC is likely catalysed by DsrMKJOP with electrons originating from the menaquinol 
pool (Grein et al., 2010; Oliveira et al., 2011; Santos et al., 2015). The generated hydrogen sulphide 
is then able to freely diffuse across the cell membrane and into the environment.  
2.4 Electron donors and carbon sources for BSR 
SRB commonly use low molecular weight volatile fatty acids (VFAs) as electrons donors, including 
formate, acetate, lactate, propionate, ethanol, butyrate and citrate (Liamleam and Annachhatre, 
2007; Stams et al., 2009). In anaerobic environments, these VFAs arise through the hydrolysis of 
complex organic macromolecules to monomers and their fermentation by different groups of 
microorganisms (Muyzer and Stams, 2008). SRB are conventionally grouped into two groups, 
namely incomplete and complete oxidisers, based on their ability to use these electron donors. 
Incomplete oxidisers degrade organic molecules to form acetate, whilst complete oxidisers oxidise 
organic molecules, including acetate, completely to carbon dioxide (Muyzer and Stams, 2008). 
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Common reactions catalysed by SRB and competing microorganisms are shown in Table 2-1.
  
Table 2-1 Common sulphate-reducing, lactate fermenting and methanogenic reactions. Adapted 
from Thauer et al. (1977). 
Reaction equation ΔG°’ (kJ/reaction) 
4 H2 + SO4
2– + H+ → HS– + 4 H2O - 51.9 
Equation 2-6 
Acetate– + SO4
2– → 2 HCO3
– + HS- - 47.6 Equation 2-7 
Ethanol + 0.5 SO4
2– → Acetate + 0.5 HS– + 0.5 H+ + H20 -15.9 
Equation 2-8 
Propionate– + 0.75 SO4
2– → Acetate– + HCO3
– + 0.75 HS– + 0.25 H+ - 37.7 Equation 2-9 
Lactate– + 0.5 SO4
2– → Acetate–+ HCO3
– + 0.5 HS– - 80.2 Equation 2-10 
2 Lactate– + 3 SO4
2– → 6 HCO3
– + 3 HS– + H+ - 225.3 Equation 2-11 
3 Lactate- → Acetate- + 2 Propionate- + HCO3
- + H+  - 70.0 Equation 2-12 
Acetate- + H2O → CH4 + HCO3
– - 31.0 Equation 2-13 
 
2.4.1 Lactate 
Lactate is one of the most widely used substrates for the cultivation of SRB by researchers  (Rabus 
et al., 2015). Within lactate-oxidising microorganisms, lactate is transported over the membrane 
by a permease and first converted to pyruvate through the action of one of several lactate 
dehydrogenases. Pyruvate is then converted to acetate via one of several pathways. Several 
Desulfovibrio species perform this using pyruvate dehydrogenase (EC:1.2.4.1) which participates in 
the conversion of pyruvate to acetyl-CoA. Phosphate acetyltransferase (EC:2.3.1.8) then converts 
the acetyl-CoA to acetyl-phosphate and finally, acetate kinase (EC:2.7.2.1) dephosphorylates the 
acetyl-phosphate to produce acetate (Pereira et al., 2007; Wall et al., 2008).  
In contrast, lactate can be fermented to propionate and acetate via the methylmalonyl and acrylyl 
pathways by fermentative microorganisms and some SRB (Grandgirard et al., 2002). The acrylyl 
pathway involves the conversion of lactate to lactoyl-CoA by propionate CoA-transferase 
(EC:2.8.3.1) and is converted to acryloyl-CoA, propanoyl-CoA and finally to propionate (Selmer 
et al., 2002). The methylmalonyl pathway involves many enzymes of the TCA cycle acting in 
reverse, eventually producing  succinyl-CoA, from pyruvate, which is then acted upon by a suite 
of enzymes, including methylmalonyl-CoA mutase (EC:5.4.99.2), to produce propionyl-CoA and 
finally propionate (Grandgirard et al., 2002). This pathway has been well studied in Veillonella 
species (Hilpert and Dimroth, 1991). 
Biological sulphate reduction coupled to the predominant incomplete oxidation of lactate to 
acetate can be described by Equation 2-10. Many bacteria are able to compete for lactate as a 
1 1 
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carbon source (Laanbroek et al., 1982) through anaerobic lactate fermentation (Equation 2-12) to 
form acetate and propionate. Oyekola et al. (2012) investigated the competition between 
fermentative bacteria and SRB in a mixed culture with lactate as the primary electron donor. The 
maximum specific growth rates of the lactate fermenters and oxidisers (SRB) were determined to 
be 0.3 and 0.2 h-1 respectively (Figure 2-6). The saturation constant (Ks) for lactate was determined 
to be 3.3 g/ℓ for fermentative microorganisms and 0.6 g/ℓ for SRB. The notably smaller Ks of SRB 
indicates that these microorganisms will outcompete fermentative microorganisms at lower 
lactate concentrations.  
 
Figure 2-6  Modelled growth rates of lactate-oxidising SRB (dotted, blue line) and lactate-fermenting 
microorganisms (red, solid line) at varied lactate concentrations in the (A) absence and 
(B) presence of >0.5 g/ℓ sulphide as performed by Oyekola et al. (2012). This data highlights 
the susceptibility of fermentative microorganisms, contrasted to SRB, to sulphide 
inhibition. 
Sulphide generation due to BSR results in the inhibition of growth of many microorganisms 
(Weedon et al., 1940). Oyekola et al. (2012) investigated how the kinetic constants for both lactate 
fermenters and oxidisers would change in the presence of a high concentration of sulphide (>0.5 
g.ℓ-1). It was found that the kinetic constants for SRB growth remained unchanged, while the 
apparent affinity for fermentative growth on lactate remained unchanged and the maximum specific 
growth rate was halved at sulphide concentrations greater than 0.5 g/ℓ (Figure 2-6). This suggests 
that once an SRB community has become sufficiently dominant in an environment, the sulphide 
produced will further suppress fermentative microorganisms. The simultaneous growth of SRB 
and fermenters at a range of lactate feed concentrations was also investigated by Oyekola et al. 
(2009) in a CSTR. It was found that initial feed sulphate concentrations of 2.5, 5.0 and 10.0 g/ℓ (at 
a fixed molar ratio to lactate) resulted in a mixture of lactate oxidation and lactate fermentation. 
However, only incomplete oxidation of lactate was seen at an initial feed sulphate concentration 
of 1 g/ℓ. This was attributed to the lower Ks of SRB than fermentative microorganisms for lactate 
leading to a higher effective specific growth rate. This study also found the greatest diversity of 
SRB to occur at longer HRT and low substrate concentrations. Similar observations of the 
performance of lactate-supplemented CSTR were made by White and Gadd (1996) who noted 
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the highest observed volumetric sulphate reduction rates occurred when lactate concentrations 
were supplied below 40 mM (3.6 g/ℓ lactate). 
Lactate is a common electron donor used to supplement BSR reactor systems due to the 
favourable lactate oxidation kinetics by SRB. Although a wide spectrum of SRB are able to 
metabolise lactate, the primary disadvantage of this electron donor for supplementation of BSR 
reactor systems is its relatively high cost (Hao et al., 2014) and the competition for this electron 
donor by fermentative microorganisms (Oyekola et al., 2009). The potential cultivation of SRB 
within these BSR reactors capable of oxidising lactate or acetate completely to CO2 can therefore 
substantially reduce the amount of required lactate, reducing the associated operating costs and 
need for subsequent treatment to decrease its organic content.   
2.4.2 Propionate 
Propionate utilisation has been exhibited by a small number of SRB, typically using enzymes of the 
methylmalonyl pathway in reverse. SRB known to consume propionate as an electron donor 
include Desulfobulbus propionicus (Pagani et al., 2011), Desulfobacterium autotrophicum (Brysch et al., 
1987) and Desulfococcus multivorans (Stieb and Schink, 1989). Although the kinetics of SRB growth 
on propionate are favourable for use in BSR reactors, the reduced diversity of SRB able to 
metabolise propionate often sees it overlooked as an electron donor in favour of lactate (Hao et 
al., 2014). 
2.4.3 Acetate  
A number of SRB are capable of sulphate reduction linked solely to acetate oxidation via a variety 
of pathways. In all instances, acetate must first be activated to form acetyl-CoA through the action 
of acetyl-CoA synthetase (EC:6.2.1.1) or the sequential action of acetate kinase (EC:2.7.2.1) and 
phosphate acetyltransferase (EC:2.3.1.8), the latter requiring the consumption of one molecule of 
ATP (Bergmeyer et al., 1963; Möller et al., 1987). 
Brandis-Heep et al. (1983) demonstrated that Desufobacter postgatei was able to metabolise acetate 
using the TCA cycle. Acetate was first activated to acetyl-Coa by acetyl-CoA synthetase with 
coenzyme-A originating from the cleavage of succinyl-CoA to form succinate. Acetyl-CoA was 
then able to enter the TCA cycle through the action of citrate synthase (EC: 2.3.3.1) which 
catalyses the reaction between acetyl-CoA, oxaloacetate and water to form citrate and coenzyme-
A. 
Elferink et al. (1999) fist isolated and characterised Desulfobacca acetoxidans which was found to 
be capable of acetate oxidation via the carbon monoxide dehydrogenase pathway, also known as 
the acetyl-CoA pathway. This pathway was first discovered by Schauder et al. (1986) in a number 
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of SRB including Desulfobacterium, Desulfosarcina, Desulfococcus, Desulfovibrio baarsii, 
Desulfobacterium,  and Desulfotomaculum. This pathway uses many enzymes common to the Wood-
Ljunghdalh pathway but catalysing these reactions in reverse and not involving the TCA cycle. 
Using this pathway, acetyl-CoA is converted to carbon monoxide by 5-methyltetrahydrofolate 
corrinoid/iron-sulphur protein methyltransferase (EC:2.1.1.258) and finally to carbon dioxide by 
carbon-monoxide dehydrogenase (EC:1.2.7.4). 
One of the earliest published studies that demonstrated simultaneous acetate consumption and 
carbon dioxide fixation was performed by Sorokin (1966). This study showed that when a 
Desulfovibrio desulphuricans strain was grown on acetate, hydrogen and 14carbon labelled CO2, 30-
50% of the cell-carbon was derived from the 14carbon labelled CO2. This phenomenon was further 
investigated by Badziong et al. (1979) using Desulfovibrio vulgaris cultured on acetate, hydrogen and 
CO2. These authors found that alanine, aspartate, glutamate and ribose phosphate were 
synthesised from both acetate and CO2, and concluded this was facilitated through a modified 
TCA cycle. The now well-known modified-TCA cycle involves the conversion of acetate and CO2 
to pyruvate by pyruvate ferredoxin oxidoreductase (EC:1.2.7.1). The pyruvate then enters the 
TCA cycle through either the action of pyruvate carboxylase (EC:6.4.1.1) or the sequential action 
of pyruvate dikinase (EC:2.7.9.2) and phosphoenolpyruvate carboxylase (EC:4.1.1.31) to produce 
oxaloacetate. 
SRB oxidise acetate using sulphate as the terminal electron acceptor as described by Equation 2-
7. Acetate is the primary substrate for methanogenic microorganisms (Equation 2-13) and results 
in competition between SRB and methanogens for acetate. The growth of methanogens can, 
however, be completely inhibited by 2-bromoethane sulfonate (BESA; Gunsalus et al., 1978). A 
kinetic analysis of the growth of a mixed SRB culture supplemented with acetate as an electron 
donor was performed by Moosa et al. (2002) and Moosa et al. (2005). The Ks of the sulphate 
reducing, acetate oxidising culture increased linearly from 0.027 to 0.125 g/ℓ  sulphate with the 
increasing initial sulphate concentrations from 1.0 to 10.0 g/ℓ. However, the maximum specific 
growth rate (µmax) increased only marginally with increasing initial sulphate concentration with an 
average of 0.061 h-1. The increasing Ks with unaffected µmax suggested competitive substrate 
inhibition, according to Michaelis-Menten kinetics, as was previously reported (Chen and 
Hashimoto, 1980).  
The growth kinetics of pure cultures of Desulfobacter postagei, Desulfuromonas acetoxidans and 
Desulfonema magnum were studied by Flaherty (1998). Each of these SRB were determined to 
have a μmax between 0.018 and 0.063 h-1 in accordance with the studies conducted by Moosa et al. 
(2002). These SRB pure cultures were also shown to have a Ks for sulphate between 0.02 and 
0.045 g/ℓ. Ingvorsen et al. (1984) performed a similar kinetic experiment using a pure culture of D. 
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postgatei DSM2034 cultured on sulphate and acetate, and determined the Ks for acetate and 
sulphate to be 0.00413 and 0.0192 g/ℓ, respectively. In addition, acetate consumption was observed 
at concentrations below 1 μM (0.059 mg/ℓ), whilst sulphate consumption halted between 0.48 and 
1.92 mg/ℓ. Although the theoretical maximum doubling time of acetate oxidising SRB, presented 
in this literature, is long (16-56 hours), the high affinity of SRB for acetate and for sulphate allows 
these microorganisms to sustain growth at low substrate concentrations. 
The low growth rates of acetate oxidising microorganisms and the preferential utilisation of other 
organic acids, such as lactate and propionate (Brand et al., 2014; Huang et al., 2012; Liamleam and 
Annachhatre, 2007), can make acetate difficult to remove from wastewater and BSR reactor 
systems. However, the high affinity of select SRB for acetate can lead to efficient conversion of 
this substrate with the accumulation of sufficient biomass (Harada et al., 1994). The wide availability 
and low cost of this substrate, as well as its potential to be sourced from waste streams such as 
anaerobic digestion, make acetate an attractive electron donor for the supplementation of semi-
passive BSR systems.  
2.4.4 Autotrophy 
SRB are known to fix CO2 via several pathways including previously mentioned modified TCA 
cycle. The Wood-Ljungdahl pathway is employed by a number of SRB using hydrogen as an 
electron donor (Ragsdale, 2008), such as Desulfosporosinus orientis and Desulfobacterium 
autotrophicum (Schauder et al., 1989). In contrast to a number of carbon fixation pathways, the 
Wood-Ljunghdahl pathway relies on the reduction of CO2 to formate or carbon monoxide instead 
of carboxylation onto an already existing organic molecule. This carbon fixation mechanism is 
more kinetically favourable than carboxylation and may, therefore, offer increased growth rates 
and biomass yields (Cotton et al., 2018). Key enzymes in this pathway include carbon-monoxide 
dehydrogenase (EC: 1.2.7.4), formate dehydrogenase (EC: 1.17.1.10) and CO-methylating acetyl-
CoA synthase (EC: 2.3.1.169). This pathway was first found in SRB by Jansen et al. (1984) who 
identified this pathway in Desulfovibrio baarsii grown solely on CO2 and hydrogen.  
The reverse or reductive TCA (rTCA) cycle is another carbon fixation pathway employed by SRB, 
such as Desulfobacter hydrogenophilus (Schauder et al., 1987). This cycle uses many enzymes of the 
TCA but operating in reverse. Key enzymes of the rTCA cycle are 2-oxoglutarateferrodoxin 
reductase (EC:1.2.7.3) which catalyses the formation of 2-oxoglutarate from succinyl-CoA and 
CO2; and pyruvate ferredoxin oxidoreductase (EC:1.2.7.1) which catalyses the carboxylation of 
acetyl-CoA to form pyruvate.  
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2.4.5 Hydrogen  
As previously outlined, many SRB are capable of participating in hydrogen metabolism, either 
through hydrogen consumption as an electron donor (Equation 2-6) or through the generation of 
hydrogen during fermentation (Pagani et al., 2011). Hydrogenases are categorised based on the 
metal co-factors in their active sites (Peters et al., 2015). NiFe hydrogenase can be both associated 
with hydrogen consumption and generation. Membrane-bound Group 1 NiFe hydrogenases are 
implicated in hydrogen uptake (Greening et al., 2016) and are commonly found in Desulfovibrio 
(Fauque et al., 1988) and Desulfomicrobium (Garcin et al., 1999). Two commonly found hydrogen 
evolving hydrogenases found in SRB are FeFe hydrogenases (Nicolet et al., 1999) and membrane-
bound Group 4 NiFe hydrogenases (Morais-Silva et al., 2013; Greening et al., 2016). The ability of 
SRB to use hydrogen as an electron donor allows the proliferation of these microorganisms in 
organic carbon limited environments and show higher affinities for hydrogen than other common 
hydrogen consuming microorganisms including methanogens (Lovley et al., 1982; Cord-Ruwisch 
et al., 1988). 
The use of hydrogen as an electron donor for BSR, with either acetate or CO2 as the carbon 
source, has been successfully applied in a number of BSR reactor systems (Hao et al., 2014). The 
major advantage of this electron donor is the more favourable change in free energy of SRB 
catalysed H2 oxidation compared to that of methanogens (Table 2-1, Thauer et al., 1977), the main 
competitor of SRB for hydrogen. This allows operating conditions to be manipulated to minimise 
the competition for- and wastage of this electron donor (Davidova and Stams, 1996). A second 
advantage of this electron donor is the minimal COD discharged in the effluent of these reactors: 
the residual COD can be a major issue when using organic electron donors with incomplete 
oxidation and particularly when using complex carbon sources (Widdel, 1988). The drawback of 
using hydrogen, however, is the safety requirements and the difficulty in the handling of 
compressed hydrogen (Esposito et al., 2006). This, therefore, sees hydrogen used primarily in 
active BSR processes such as the Paques Thiopaq® process (Janssen and Buisman, 1998). 
2.4.6 Complex carbon sources 
Several BSR processes have shown effective reactor performance with supplementation of 
complex carbon sources such as manure (Das et al., 2012), sewerage (Rose, 2013; Section 2.8.3), 
woodchips (Neale et al., 2018) and compost (Vasquez et al., 2016). The macromolecules of these 
complex carbon sources are broken down, eventually to carbon dioxide, in much the same way 
as for anaerobic digestion. Several separate groups of microorganisms are involved in the different 
stages of anaerobic digestion from the hydrolysis of the macromolecules, to the fermentation of 
the produced monomers, the acetogenic reactions arising from the oxidation of the produced 
volatile fatty acids and eventual oxidation of the produced acetate (Vanwonterghem et al., 2016). 
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SRB are able to partake in each of these stages (Pareek et al., 2001; Muyzer and Stams, 2008) but 
are predominantly associated with volatile fatty acid oxidation as described above (Kaksonen et 
al., 2004; Liamleam and Annachhatre, 2007; Hao et al., 2014). 
 
2.5 Microbial biofilms 
Microorganisms can exist in two broad physical modes: as unicellular free-floating cells (termed 
here as planktonic cells) or as multicellular sessile biofilms, with the latter being more commonly 
observed in nature (Kolter, 2010). The development of biofilms within continuous bioprocesses 
can be important as this allows the decoupling of the hydraulic retention time and the biomass 
retention time within continuous reactors. The development of microbial biofilms can be 
encouraged through the provision of plentiful surface area for attachment (O’Toole and Wong, 
2016). In addition, microorganisms within biofilms have also been shown to perform heavy metal 
sorption (Konhauser et al., 1993). Microorganisms in biofilms, following adhesion to a solid surface, 
produce extracellular polymeric substances (EPS) constituted predominantly by high molecular 
weight polysaccharides, proteins, nucleic acids, and lipids (Flemming and Wingender, 2010) which 
provide structural integrity to the biofilm. Living within a biofilm offers several advantages including 
defence from antimicrobial agents within the solution (Lee et al., 2014), protection from eukaryotic 
grazers (Matz and Kjelleberg, 2005) and cooperation with other microorganisms within the biofilm 
(Burmølle et al., 2014). In reality, the microorganisms within biofilms establish complex ecological 
webs (Faust and Raes, 2012) where competition and antagonism are also rife (Rendueles and 
Ghigo, 2015). As a result, the microbial communities within biofilms are considered highly 
competitive and versatile (Haagensen et al., 2015; Nadell and Drescher, 2016). 
2.6 Reactor configurations used for BSR 
In this section, the reactor configurations which have been applied for the study of BSR are 
discussed. The section focusses largely on reactor configurations which are suitable for long-term 
semi-passive treatment of low-flow ARD due to their low associated energy requirements and 
operating and maintenance costs. 
2.6.1 Overview of BSR reactor configurations 
Overcoming low SRB growth rates 
BSR reactor configurations, intended for implementation for the remediation of ARD, use various 
strategies to increase biomass retention within the reactors leading to the decoupling of the 
biomass and hydraulic retention times (HRT). Increased biomass retention allows greater sulphate 
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reduction rates to be achieved at shorter HRT, allowing large volumes of ARD to be treated in 
shorter time periods or in smaller reactors. This has been accomplished by: (i) increasing the 
internal surface area of the reactor for biofilm formation which has been used in the baffled reactor 
(Barber and Stuckey, 2000), the linear flow channel reactor (LFCR; Marais et al., 2020) and packed 
bed reactors (PBR, Janssen and Buisman, 1998); (ii) sludge granulation of SRB in up-flow anaerobic 
sludge bed reactors (UASB, Lettinga et al.,1980; Celis et al., 2013) and (iii) the use of semi-
permeable membranes (Chuichulcherm et al., 2001) to prevent cell washout. These reactor 
configurations are shown below (Figure 2-7). 
 
 
Figure 2-7 Continous bioreactor configurations used for the study of BSR for passive to semi-passive 
treatment of ARD effluents including (A) the continuous stirred-tank reactor, (B) the up-
flow anaerobic packed bed reactor (UAPBR), (C) the down-flow anaerobic packed bed 
reactor (DFPBR), (D) the baffled reactor and (E) the up-flow anaerobic sludge blanket 
reactor (UASB). Diagrams adapted from Kaksonen and Puhakka (2007). 
The exhibited performance, chosen operating conditions and the SRB identified in a number of 
BSR studies employing these and similar reactor systems are summarised in Table 2-2, below. 
Thorough discussion of these studies and other studies can be found within the Discussion 
sections of Chapters 4 to 6. 
  
Table 2-2  Summary of the performance and the identified SRB of lab- and pilot-scale BSR reactors using various electron donors and applied HRT. 
Reactor Electron donor 
Sulphate 
(mg/ℓ) 
HRT 
(h) 
max VSRR 
(mg/ℓ.h) 
Predominant SRB Reference 
PBR woodchips, hay, manure etc. 3000 168 17.0 n.d. Neale et al. (2018) 
PBR rice bran, rice husk 310 25 2.4 Desulfomonile tiedjei Hamai et al. (2018) 
Baffled reactor molasses 500 24 20.2 n.d. Vossoughi et al. (2003) 
PBR 
manure, mushroom compost 
etc. 
2500 24 41.7 
Desulfovibrio; Desulfomicrobium; 
Desulfobulbus; Desulfobacter 
Vasquez et al. (2016) 
Vasquez et al. (2018) 
passive  manure 2500 24 23.1 n.d. Novhe et al. (2016) 
PBR spent mushroom compost 3000 408 1.5 n.d. Dvorak et al. (1992) 
passive spent mushroom compost 2600 321 7.1 n.d. Das et al. (2012) 
PBR rice bran 325 8 28.1 
Dechloromonas aromatica; Desulfovibrio 
mexicanus; Desulfatirhabdium 
butyrativorans 
Aoyagi et al. (2017) 
Baffled reactor lactate 1000 48 18.4 n.d. Bayrakdar et al. (2009) 
Baffled reactor lactate 2000 48 37.5 n.d. Bayrakdar et al. (2009) 
LFCR lactate 1000 48 10.8 
Desulfovibrio; Desulfomicrobium; 
Desulfocurvus 
Marais (under review) 
LFCR acetate 1000 48 11.0 
Desulfobacter; Desulfovibrio; 
Desulfomicrobium; Desulfocurvus 
Marais (under review) 
DPBR acetate 900 60 13.0 n.d. Lin and Lee (2001) 
DPBR methanol 900 60 72.0 n.d. Tsukamoto and Miller (1999) 
Anaerobic 
filter reactor 
acetate 2500 20 17.1 n.d. El Bayoumy et al. (1999) 
UASB acetate 3242 9.75 69.4 Desulfobacterium sp. Omil et al. (1997) 
FBR lactate 2300 16 92.5 
Desulfovibrio; Desulfobulbus; 
Desulfomaculum; Desufitobacteriumn 
Kaksonen (2004) 
FBR ethanol 2300 16 96.7 
Desulfovibrio; Desulfobulbus; 
Desulfomaculum; Desufitobacteriumn 
Kaksonen (2004) 
UAPBR lactate 900 6.5 15.0 Desulfovibrio desulfuricans Chen et al. (1993) 
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Table 2-2 continued      
Reactor Electron donor 
Sulphate 
(mg/ℓ) 
HRT 
(h) 
max VSRR 
(mg/ℓ.h) 
Predominant SRB Reference 
UAPBR lactate 1500 22 31.0 n.d. Elliott et al. (1998) 
UAPBR lactate 1000 4.6 200.0 n.d. Baskaran et al. (2005) 
CSTR lactate 1217 48 17.1 n.d. White and Gadd (1996) 
CSTR lactate 1000 14.6 38.2 
Desulfobulbus propionicus, 
Desulfobacter postgatei, 
Desulfovibrio gigas, 
Desulfosarcina variabilis 
Oyekola (2008) 
CSTR acetate 1000 90 6.9 n.d. Moosa (2000) 
CSTR acetate 2500 60 33 Desulfonema; Desulfobulbus 
Moosa (2000); 
Icgen et al. (2007) 
n.d. – not determined
  
The effective handling and the uses of the sulphide produced during BSR 
The sulphide which is produced during BSR can be used to precipitate metals in the incoming ARD 
stream. BSR and metal precipitation can be performed using a single reactor unit which reduces 
the initial capital costs but faces difficulties in recovering the metal-sulphides and can result in 
heavy metal toxicity to  SRB (Hao, 2000). Two-stage processes recycle sulphide generated in the 
BSR reactor to a primary reactor where metals in the ARD are precipitated before the solution 
enters the BSR reactor (Haas, 1993). When sulphide is not removed through precipitation with 
heavy metals the sulphide must be removed via an alternate method before being discharged. 
Sulphur oxidising bacteria (SOB) have been used in both active (Janssen and Buisman, 1998). and 
semi-passive BSR processes (Marais et al., 2020) to oxidise the produced sulphide, generating 
elemental sulphur as a value-added product and an effluent stream which can be safely discharged 
into the environment. 
 
2.6.2 Continuous stirred tank reactors 
CSTRs have been used to study BSR as, at steady state, constant reactor conditions can be 
generated at which the rate constant and performance associated with these conditions can be 
easily and reliably determined (Levenspiel, 1990; Moosa et al., 2002; Oyekola et al., 2009). 
However, these systems are typically not used in practice for the implementation of BSR due to 
the low biomass concentrations supported, the constraint of hydraulic residence time by the 
growth rate of the microorganism required and the potential for washout of active biomass 
(Speece, 1983; Lens et al., 2003). The continuous stirred tank reactor (CSTR) represents an ideal 
well-mixed reactor with its contents distributed uniformly through its bulk liquid with mixing 
provided by an internal impeller. As the inlet stream enters the reactor, it instantaneously becomes 
evenly distributed throughout the reactor (Levenspiel, 1999). The reactor provides minimal 
surface area for microbial attachment and therefore supports a primarily planktonic microbial 
culture, making the microbial culture easy to quantify and monitor. The rate of reaction (rs) is 
derived from a substrate mass balance (Equation 2-14). The rate equation (Equation 2-15) finds 
the consumption of substrate (S) within a CSTR to be dependent on the inlet substrate 
concentration (S0), the volume of the reactor (V) and the volumetric flow rate (F), assuming no 
accumulation taking place (Levenspiel, 1999): 
                 Equation 2-1 
At steady state where 𝑉
𝑑𝑆
𝑑𝑡
 = 0   
𝑉
𝑑𝑆
𝑑𝑡
= 𝐹 . 𝑆0 − 𝐹. 𝑆 − 𝑟𝑠 . 𝑉   
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    Equation 2-25 
A cell mass balance across a CSTR finds the concentration of biomass within a CSTR 
(Equation 2- 16), at steady state, to be a function of the biomass yield coefficient (YX/S), the 
concentration of the limiting substrate in the feed (S0), the applied dilution rate (D), the saturation 
constant of that microorganism(s) for said substrate (KS) and the maximum growth rate of the 
microorganism(s) (μmax; Pirt, 1965). This assumes no cell maintenance, cell death or product 
formation. 
   Equation 2-36 
2.6.3 Packed bed reactors  
The ideal packed bed reactor (PBR) behaves as a steady-state plug flow reactor (PFR) whereby 
the flow of fluid through the reactor travels parallel to the axis of the reactor with no mixing along 
the flow path (Levenspiel, 1999). These reactors can be operated as down-flow (Zaluski et al., 
1999) or up-flow anaerobic PBRs (UAPBR; Maree and Strydom, 1985). Various solid support 
structures have been used as packing materials within these reactors, including glass beads 
(Baskaran and Nemati, 2006), sand (Elliott et al., 1998) and polyurethane beads (Dev et al., 2016), 
to support biomass retention.  
The rate of the reaction in this and other PFRs is dependent on the concentration of the available 
substrate (S) at each point in the reactor. The differential mass balance with regards to reactor 
volume (V) is given in Equation 2-17. The flow rate (F) and inlet substrate concentration (S0) remain 
constant; however, the reaction rate (rs) and conversion of the substrate (Xs) vary along the length 
of the reactor (Levenspiel, 1999). 
   Equation 2-47 
The rate of the reaction will, therefore, decrease along the length of the reactor as the substrate(s) 
are consumed and product(s) accumulate, assuming a reaction order above zero for sulphate 
reduction. The integration of Equation 2-17 results in an expression which describes the reaction 
rate over the entire reactor (Equation 2-18).  
−𝑟𝑠 =
𝐹
𝑉
. (𝑆0 − 𝑆)      
𝐶𝑋 = 𝑌
𝑋
𝑆⁄ ⋅ (
𝑆0 −
𝐷 ⋅ 𝐾𝑆
𝜇 𝑚𝑎𝑥 −𝐷) 
𝐹 . 𝑑𝑋𝑠 = (−𝑟𝑠). 𝑑𝑉 
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          Equation 2-58 
2.6.4 Upflow Anaerobic Sludge Blanket Reactor 
Upflow anaerobic sludge blanket (UASB) reactor hydrodynamics are governed by plug flow moving 
through settled SRB granular sludge. No solid support structures are incorporated into UASBs 
and therefore these reactors rely entirely on granulation of the microbial biomass. While this has 
been successfully performed in several BSR studies (Dries et al., 1998; Omil et al., 1998; Li et al., 
2014) it is well recognised that SRB granules are difficult to develop and maintain (Steed et al., 
2000; Bertolino et al., 2012).  
2.6.5 Baffled reactor 
The baffled reactor was developed by Bachmann et al. (1985) and is an adaptation of the UASB 
reactor whereby wastewater is sequentially forced over and under a series of baffles throughout 
the reactor in the vertical orientation or around baffled in the horizontal design. This reactor 
configuration boasts a number of advantages over conventional reactor configurations including 
observed system robustness (Barber and Stuckey, 2000) in response to changes in HRT and 
sulphate loading rates owing to the zoning of the reactor, long sludge retention times (Speece, 
1996) and minimal start-up and operating costs (Vossoughi et al., 2003). 
2.6.6 Linear flow channel reactor 
The linear flow channel reactor (LFCR) was first developed by Molwantwa and Rose (2013) to 
address the need for ARD remediation strategy which could be operated long-term with minimal 
operating costs. van Hille et al. (2011) further developed this reactor to perform sulphate 
reduction and sulphide oxidation simultaneously within a single reactor unit. Sulphide oxidation at 
the air-liquid interface of this reactor produces the ideal conditions for the formation of a floating 
sulphur biofilm which allowed anaerobic conditions to be maintained in the reactor for sulphate 
reduction. The elemental sulphur can be harvested and used for a variety of applications, including 
soil amelioration (Marais et al., 2020). Complete mixing within this reactor at the small scale, well 
within a single hydraulic residence time, is achieved passively thereby transporting sulphide 
generated by SRB in the bulk liquid to the surface where it is partially oxidised by sulphide oxidising 
bacteria (SOB) (Marais et al., 2017; Marais et al., 2020). Harrison et al. (2014) and van Hille et al. 
(2016) further improved the reactor configuration by incorporating carbon microfibres anchored 
to a stainless steel frame which spans the length of the reactor. This increased the internal surface 
∫
𝑑𝑉
𝐹
𝑉
0
= ∫
𝑑𝑋𝑠
−𝑟𝑠
𝑋𝑠
0
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area for biofilm formation, allowing for the decoupling of the hydraulic and biomass retention 
times.  
2.7 Implemented BSR technologies 
In this section, some of the most pertinent applications of BSR for the bioremediation of ARD at 
both full-scale and pilot-scale are discussed.  
2.7.1 Reducing and alkalinity producing systems  
Reducing and alkalinity producing systems (RAPS; Watzlaf et al., 2000), also known as vertical flow 
wetlands, are a widely implemented passive BSR technology. Within these systems acidic mine 
water is collected in ponds with a limestone base, on top of which lies an organic layer. In this 
organic layer oxygen is consumed, preventing the precipitation of iron in the limestone, and 
sulphate is reduced by SRB. The sulphate reduction results in partial neutralisation before the 
solution passes through the limestone where it is fully neutralised. This solution is then drained 
into an aerobic wetland where metal oxidation and precipitation takes place. 
2.7.2 Paques Thiopaq process 
The Paques SulfateqTM treatment process (Figure 2-8) is predominantly used for the active 
treatment of industrial effluents containing high concentrations of sulphate and heavy metals, 
including ARD (Janssen and Buisman, 1998). The first stage of this process makes use of an 
anaerobic sulphate-reducing gas lift reactor with a mixed culture of SRB immobilised on a porous 
matrix. When treating high sulphate loads, hydrogen and carbon dioxide are provided as the 
electron donor and carbon source, respectively (Boonstra et al., 1999). At lower sulphate loading, 
the use of ethanol or butanol becomes more economically viable and serve as both the electron 
donor and carbon source. Metal sulphide precipitates are passed to a settling tank and the solids-
free effluent of this reactor is fed into an aerobic gas lift reactor where the sulphide is biologically 
oxidised, partially, to elemental sulphur which is recovered as a value-added product. 
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Figure 2-8 The Paques SulfateqTM process used for the bioremediation of sulphate- and heavy metal-
containing wastewater. This process uses two gas lift reactors, the first performs BSR with 
SRB immobilised on an inert packing and using hydrogen or other organic compounds as 
electron donors. The second gas lift reactor is used to partially oxidise the produced 
sulphide to form elemental sulphur which is recovered as a value-added product (adapted 
from http://en.paques.nl/products/other/sulfateq). 
2.7.3 The Biosulphide process 
The Biosulphide process is a profitable commercial operation which is not aimed at removing 
sulphate from ARD, but was instead developed for the recovery of metals from mine drainage as 
(Ashe et al., 2008).  Within this process sulphide is generated through the activity of sulphur-
reducing bacteria in an anaerobic reactor supplemented with sulphur and, typically, acetic acid as 
the electron donor. The generated sulphide is passed through the metal solution in a seprate 
reactor and the metal sulphide precipitates are subsequently recovered by clarification and 
filtration.  
2.7.4 Mintek-Anglo American BSR process  
The Mintek-Anglo American BSR pilot plant (Neale et al., 2018) was installed to treat ARD in a 
tailings dam on a coal mine in Mpumalanga, South Africa. This process makes use of three down-
flow packed bed reactors (DFPBRs) in series using woodchips, hay, manure and other complex 
carbon sources as packing and electron donor. This reactor system was able to reduce sulphate 
concentrations from approximately 3 g/ℓ to less than 500 mg/ℓ during continuous operation at long 
hydraulic residence times (7 days). Prior to this, several factors led to unstable and poor 
performance including reduced ambient temperatures, lack of control of the influent pH and the 
need to optimise the replenishment of the complex carbon sources. Similar challenges are 
frequently reported in the literature (Section 2.2.4). 
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2.7.5 The BioSURE process 
The BioSURE process, developed at Rhodes University in South Africa in the 1990s and piloted at 
the Grootvlei mine (East Rand, South Africa) to treat 10 Mℓ/day around 2005 (Holtzhausen, 2005), 
utilises primary sewage sludge (PSS) as the electron donor for sulphate reduction to remediate 
ARD (Rose, 2013). The process, making use of a novel Up-flow Recycling Sludge Bed Reactor, is 
able to reduce the sulphate concentration to below 100 mg/ℓ at an HRT as short as 12 hours. The 
process has also shown to be highly effective at removing the metals in the ARD through 
precipitation with the produced sulphide in a second reactor unit. The main vulnerability of this 
process identified by Rose (2013) was the potential for the production of toxic sulphide in the 
effluent at levels which could become hazardous.  
2.8 Metagenomics  
2.8.1 Introduction 
Many bioremediation strategies employ mixed microbial communities whose activity and microbial 
composition have not been fully understood during initial operation. These processes were 
typically developed and refined based on iterative modifications and observation, while the 
microbial communities were viewed as a ‘black-box’. These mixed microbial cultures typically 
prove to be more effective than pure cultures, likely due to the expanded metabolic capabilities 
across multiple microorganisms and the synergism between these microorganisms (Hays et al., 
2015). Ideally, ensuring the robustness of mixed microbial processes requires an understanding of 
both the effect of environmental pressures and perturbations on the inhabiting microbial 
communities within these systems (Shade et al., 2012) and on their performance.  
 
Initial microbial ecology studies relied on traditional culture-based methods but were limited by 
the fact that the huge majority of microorganisms in a given habitat cannot be cultured in vitro 
(Amann et al., 1995). The first metagenomic based studies involved PCR amplification from 
metagenomic DNA and cloning followed by functional screening (Schrenk et al., 1998).  
Metagenomics has since been defined as the direct genetic analysis of the total metagenomic DNA 
representing all microorganisms in a given environmental sample (Thomas et al., 2012). This 
approach allowed an initial shift from culture-based methods to molecular techniques generally 
targeting the 16S ribosomal RNA (rRNA) gene as a phylogenetic marker gene using clone libraries, 
terminal restriction fragment length polymorphism (T-RFLP), denaturing gradient gel 
electrophoresis (DGGE), and quantitative real-time PCR (Nocker et al., 2007; Kim et al., 2013) 
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The phylogenetic diversity of SRB meant that 16S rRNA sequencing was not always a suitable 
approach for the evaluation of SRB diversity in environmental samples and, therefore, the 
techniques mentioned above were often applied to genes, including dsrAB, specifically involved in 
sulphate reduction (Wagner et al., 1998; Klein et al., 2001; Zverlov et al., 2005) and apr  (Meyer 
and Kuever, 2007). Although not classically defined under ‘metagenomics’, the use of fluorescence 
in situ hybridisation (FISH; Amann et al., 1990) has played a valuable role in the detection and 
quantification of SRB in environmental (Stubner, 2004; Foti et al., 2007) and BSR reactor systems  
(Icgen and Harrison, 2006).  
The advent of next-generation DNA sequencing (NGS) enabled the development of high-
throughput gene amplicon sequencing (Section 2.7.2) for the comprehensive evaluation of complex 
microbial communities (Caporaso et al., 2010; Caporaso et al., 2012). Further advances in DNA 
sequencing and bioinformatic analyses facilitated the direct random shotgun sequencing of 
environmental DNA and reconstruction of the individual genomes from these high-resolution 
metagenomic datasets (Tyson et al., 2004; Kim et al., 2012; Sharon et al., 2013; Kantor et al., 2015). 
This allowed for the phylogenetic composition to be analysed without PCR bias and/or influence 
of variation in copy number of the phylogenetic marker genes (Louca et al., 2018) introduced 
during gene amplicon sequencing. Furthermore, the metagenomic approach allows an 
unprecedented understanding of the metabolisms and roles of individual microorganisms in highly 
complex microbial communities (Hug and Co, 2018). 
In discussing the key NGS techniques in more detail below, their role within a suite of tests for 
the detailed study of mixed microbial systems and their performance are highlighted. 
2.8.2 Gene amplicon sequencing 
Gene amplicon sequencing involves the next-generation sequencing of a PCR amplified gene of 
interest and is most commonly used to sequence a fragment the 16S rRNA gene in mixed microbial 
samples (Caporaso et al., 2012). This allows for the phylogeny and abundance of all 
microorganisms in complex microbial communities to be resolved. The generated short-read 
sequences of the sequenced marker genes are processed, clustered into OTUs, the taxonomy of 
OTUs assigned and further analysed using one of several available bioinformatic tools including 
Mothur (Schloss et al., 2009), QIIME (Caporaso et al., 2010), and DADA (Callahan et al., 2016) as 
shown in Figure 2-9. The major drawback of 16S rRNA gene amplicon sequencing, and all 
quantitative analyses based on the 16S rRNA gene, apart from extraction and PCR bias, is that this 
gene occurs in varying copy numbers within and between microbial phyla (Acinas et al., 2004; 
Baldrian, 2013; Louca et al., 2018). This can lead to a distortion in the determined relative 
abundance of microorganisms with 16S rRNA gene copy numbers below or above the average 
copy number in a community. 
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Figure 2-9 Overview of the steps performed during the processing of gene amplicon Next-generation 
sequencing data, from pre-processing to analysis. Adapted from Caporaso et al. (2010). 
2.8.3 Genome-resolved metagenomics 
Amplicon sequencing has been employed successfully to thoroughly characterise the microbial 
communities in a number of areas in microbiology  (Turnbaugh et al., 2007; Shin et al., 2016). 
However, the 16S rRNA gene and other phylogenetic marker genes offer limited information 
about the roles of microorganisms within a community, particularly when considering that even 
closely related microorganisms can have distinctive metabolic traits (Kantor, 2016). An alternative 
strategy into understanding the roles of microorganisms in complex microbial communities is to 
employ genome-resolved metagenomics.  
This approach comprises of four mains steps (Figure 2-10): (i) shotgun sequencing of metagenomic 
DNA; (ii) assembly of the generated reads into larger contiguous fragments, ‘contigs’,; (iii) the 
open reading frames and genes on these contigs are predicted and annotated; and (iv) the 
annotated contigs are ‘binned’ into collections of contigs representing original individual organisms. 
Total metagenomic DNA can be shotgun sequenced using several NGS platform to produce 
millions of short paired-end sequencing reads, representing all DNA within a sample. These are 
assembled into contigs and complete genome sequences (Luo et al., 2012). The most applicable 
NGS platform include nanopore sequencing (Branton et al., 2010), Pacific Biosciences’ Single 
Molecule Real-Time Sequencing (SMRT; Flusberg et al., 2010) and Roche 454 (Luo et al., 2012), 
but the most widely applied NGS platform for microbial metagenomics is the short-read 
sequencing-by-synthesis (SBS) offered by Illumina due to its low-cost and high accuracy.  
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Figure 2-10 Overview of the processing steps involved in the generation of annotated genome bins 
from metagenomic shotgun DNA sequencing datasets. Refer to Section 2.8.3 for additional 
detail.   
 
Assembly 
The reads generated during NGS are assembled into longer contiguous fragments, termed ‘contigs’ 
(Thomas et al., 2012). Current assembly programmes break reads into k-mers and construct these 
contigs using de Bruijn graphs (Compeau et al., 2011). This approach greatly reduces assembly 
time compared to previously used assemblers (Scholz et al., 2012). Some of the current, best-
performing metagenomic assemblers include Megahit (Li et al., 2015), IDBA (Peng et al., 2012) and 
MetaSpades (Nurk et al., 2017; Vollmers et al., 2017). 
 
Binning 
Contigs are grouped into ‘bins’ which represent an individual genome or that of multiple closely 
related microorganisms (Thomas et al., 2012). Some of the best available binning tools include 
CONCOCT (Alneberg et al., 2014), Metabat (Kang et al., 2015) and Maxbin (Wu et al., 2016). All 
of these tools separate contigs into bins based on differential coverage and genome attributes such 
as GC-content and k-mer frequency (Sharon et al., 2013). The determined quality of the generated 
bins is largely based on the presence of ubiquitous and single-copy genes which are critical for the 
growth of most microorganisms (excluding the candidate phyla radiation and DPANN (Hug et al., 
2016). This is evaluated by CheckM (Parks et al., 2015) which determines the number of missing 
and duplicate BSCGs and assigns each genome bin a score for completeness and contamination.  
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Annotation and metabolic analysis 
The metabolic potential of each genome is assessed by first determining the open reading frames 
(ORFs) using Prodigal (Hyatt et al., 2010), on each contig and annotating these using USEARCH 
(Edgar, 2010) and HMMER against KEGG (Kanehisa and Goto, 2000), UniRef100 and Uniprot 
(Consortium, 2009) databases.  
2.8.4 Applications of metagenomics in bioremediation 
Investigations into the microbial communities whose metabolic activity facilitate many water 
treatments processes have been ongoing for some time. The goals of these studies have remained 
similar over the years but the techniques which are used have advanced considerably.  
The microbial communities of several BSR reactors fed with various electron donors were 
evaluated by Dar et al. (2007) using the PCR amplification of 16S rRNA and dsrAB genes, and 
subsequent DGGE and clone libraries. This study was able to conclude that the SRB which became 
dominant in these reactors, originating from the same inoculum, were selected for by the supplied 
electron donors, with Desulfobulbus, Desulfovibrio and Desulfobacca species appearing in ethanol-
fed reactors and Desulfosarcina and Desulfoarculus species occurring in reactors fed a mixture of 
organic compounds. The same approach was employed by these authors (Dar et al., 2008) to 
monitor the competition between SRB, fermentative microorganisms and methanogens in lactate-
supplemented bioreactors. Burns et al. (2012) used a similar method to characterise the microbial 
communities before, during and after entering a passive BSR reactor treating coal ARD. A single 
SRB could be identified, a Desulfobacca species, and led the authors to suggest that the bioreactor 
be modified in order to stimulate the growth of additional SRB. 
The use of NGS became more well-spread and facilitated the shift from molecular techniques to 
high-throughput DNA sequencing for the rapid and high-resolution evaluation of multiple 
microbial communities simultaneously. Illumina amplicon sequencing was employed by Shu et al. 
(2015) to gain insight into the effect of various VFAs on the microbial communities and functional 
potential within Anammox bioreactors using 16S rRNA, anammox (hzsB) and nitrate reductase 
(napA, narG, nirK, nirS, nosZ) genes.  
A similar approach has recently been applied in several BSR reactor studies. Marais (under review) 
used 16S rRNA gene amplicon sequencing to assess the microbial communities of several LFCR 
operated under a range of operating conditions. This study found the microbial communities, and 
the SRB which were present, to be strongly influenced by the supplied electron donor, the feed 
sulphate concentration and the differences in the conditions experienced by cells in biofilms and 
free-floating cells in the bulk liquid.  Vasquez et al. (2018) studied a passive bioreactor and sampled 
from throughout the height of this reactor. Although some evidence of stratification was present, 
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the major influencers on microbial community structure appeared to be the operated HRT and 
the length of time which was allowed for the communities to become stable. The predominant 
SRB identified in the is study were Desulfovibrio, Desulfomicrobium, Desulfobulbus and Desulfobacter.  
Vanwonterghem et al. (2014) used 16S rRNA gene amplicon sequencing to definitively show that 
deterministic processes shape the microbial community structures within three identical anaerobic 
digester (AD) reactors seeded with the same inoculum. These authors then resolved the microbial 
community of an AD reactor using genome-resolved metagenomics and were are able to assign 
each of the more than one hundred recovered genomes with a putative role within the system 
(Vanwonterghem et al., 2016).  
The seasonal effect on the microbial communities associated with a wastewater treatment plant 
was investigated by Roume et al. (2015) using genome-resolved metagenomics, 
metatranscriptomics and metaproteomics. The composition of the microbial community 
associated with this process varied greatly between seasons. However, genes involved in 
nitrification, denitrification and ammonium oxidation were highly expressed throughout, despite 
these genes being found in low copy number and present in relatively few microorganisms. These 
genes were concluded to be ‘key-stone’ genes for the functioning of this system, regardless of the 
specific make-up of the microbial community. 
Kantor et al. (2015) performed a genome-resolved metagenomic analysis of a bioreactor 
performing thiocyanate degradation. These authors discovered a novel thiocyanate degrading gene 
operon in a dominant Thiobacillus species present in this bioreactor. Although this system was 
supplemented with molasses, a thorough investigation into the metabolism of this predominant 
thiocyanate degrader found this Thiobacillus could grow autotrophically and derive energy from 
sulphide oxidation using the sox gene cluster, following thiocyanate degradation.  
These studies illustrate the capacity of metagenomics, using various molecular, DNA sequencing, 
and bioinformatic techniques to resolve complex microbial communities, understand key 
microorganisms from a process perspective leading to a better understanding of the fundamental 
mechanisms within these processes. This can, in turn, inform how these systems should be 
designed and operated for improved performance and system robustness. 
 
2.9 Research rationale and motivation 
The review of the literature discussed above revealed that many areas relating to BSR are well 
studied and well understood. These include the phylogenetics of SRB which was recently expanded 
by Anantharaman et al. (2018); the molecular mechanism of sulphate reduction which was largely 
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understood through biochemical experimentation and recently fully characterised (Oliveira et al., 
2011; Santos et al., 2015); the metabolism of select SRB which are well documented through study 
in pure culture (Sorokin, 1966; Thauer et al., 1977;  Schauder et al., 1986); the characterisation of 
SRB growth kinetics and substrate utilisation (White and Gadd, 1996; Moosa et al., 2002; Moosa 
et al., 2005; Oyekola et al., 2012); and establishment of several BSR processes for the remediation 
of various waste streams (Janssen and Buisman, 1998; Neale et al., 2018; Rose, 2013). However, 
the challenges faced by BSR systems, including the slow growth rates of SRB and the need for a 
cost-effective electron donor which can be efficiently competed for by SRB means that successful 
BSR systems rely on trade-offs between reactor performance and the reactor configurations, the 
choice and quantity of electron donor, and the applied volumetric sulphate loading rates. 
Therefore, the development of a sustainable semi-passive BSR process requires extensive 
optimisation of the operating conditions and the design of these systems. Inseparable from each 
of these considerations is the underlying microbial communities which catalyse this process. 
Furthermore, a current drawback of BSR processes is the instability of the SRB community in 
response to system perturbations (Zagury and Neculita, 2007), resulting in unpredictable long-
term reactor performance.  
Considering the longevity of ARD generation there exists a need to thoroughly investigate the 
BSR microbial communities of a range of differing BSR systems, operated under a range of 
operating conditions, to understand which microorganisms facilitate reactor functioning and 
community stability. The SRB communities of well-functioning BSR reactors have been investigated 
using a suite of molecular techniques (Dar et al., 2007; Dar et al., 2008; Burns et al., 2012) and 
some process operating conditions which lead to changes within the SRB community have been 
identified (Oyekola 2008; Marais 2020). However, due to the limited number of investigations, the 
link between the microbial ecology and the performance of BSR systems is still difficult to 
determine.  
The advent of NGS, gene amplicon metagenomics and genome-resolved metagenomics has 
allowed unprecedented access to the microbial community dynamics, structure and metabolic 
potential within several mixed microbial bioprocesses including anammox bioreactors (Shu et al., 
2015), wastewater treatment (Roume et al., 2015), anaerobic digestion (Vanwonterghem et al., 
2014) and thiocyanate degradation (Kantor et al., 2015). The application of metagenomics in the 
field of BSR shows strong promise for deepening the understanding of these microbial 
communities. This can inform the further design and operation of these systems for improved 
system robustness and performance. This is essential for the development of sustainable, passive 
to semi-passive BSR processes which are aimed to continually remediate ARD effluents for many 
years to come.  
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2.10 Research scope 
The goal of this study was to overlay the reactor performance of six BSR reactor systems with 
the microbial ecology and metabolic potential present within these systems as the hydraulic 
residence time of the reactors is iteratively reduced. This approach facilitates the building of an 
understanding of both the microbial community structure and the impact of the microbial ecology 
on BSR reactor performance. By understanding the microbial ecology, including the communities 
of SRB, competing microorganisms and syntrophic microorganisms, within the microbial 
communities, as a function of electron donor, residence time, location in the reactor and the 
associated performance of this portion of the reactor, the desirable reactor configurations and 
operating conditions can be better defined to favour the growth of identified key-stone 
microorganisms, leading to greater system performance and robustness.  
The initial hypotheses surrounding reactor performance and general microbial community 
structure are outlined below. 
2.10.1 Research hypotheses 
Hypothesis 1 
The SRB community within multiple BSR systems have been concluded to be influenced by the 
supplemented electron donor. BSR plug flow reactors exhibit an inverse gradient of products and 
reactants which generates a range of microbial selective pressures. Well-mixed BSR reactors have 
a different uniform selective pressure throughout. This will result in the development of dissimilar 
microbial communities throughout a “PFR” and uniform microbial communities throughout a 
“well-mixed” reactor when inoculated with an identical diverse microbial culture. 
Hypothesis 2 
Lactate-oxidising SRB typically have higher respective growth rates than that of acetate-oxidising 
SRB. Incomplete lactate oxidation by SRB and fermentative microorganisms leads to the 
generation of acetate. Within a lactate-supplemented well-mixed continuous reactor which 
supports solely planktonic cells, some acetate oxidation will occur at long HRT. However, acetate 
oxidation will be abolished as the HRT is reduced and acetate-oxidising SRB are washed out of 
the reactor The incorporation of solid support structures for the promotion of biofilm formation 
within well-mixed systems will enable these slower-growing acetate-oxidising SRB to become 
immobilised in these reactors and catalyse the oxidation of the produced acetate at HRT where 
acetate oxidation is abolished in solely-planktonic cell supporting system.  
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Hypothesis 3 
The reduction of the hydraulic residence time and the corresponding increase of the volumetric 
sulphate loading rate allows higher volumetric sulphate reduction rates to be achieved in BSR 
reactor systems. However, the reduction of the hydraulic residence time of BSR reactor systems 
will result in a gradual loss of planktonic species whose doubling time is longer than the operated 
residence time, leading to their washout. Comparison of changes in the microbial communities 
and changes in the associated performance in the acetate and lactate supplemented CSTR systems 
will lead to the identification of SRB species with greater growth rates and identification of SRB 
which are responsible for the greatest sulphate conversions. These organisms will remain in the 
biofilm communities of the LFCR and confer these reactors with enhanced sulphate reducing 
performance at short residence times. 
2.10.2 Research activities  
The following research activities were devised to address the research scope of this study and test 
the hypotheses presented above.  
Activity 1 
Maintain several SRB stock reactors on various electron donors and ensure high sulphate reducing 
performance prior to the inoculation of the six continuous BSR reactors with a composite culture 
made from these stock reactors. Operate the continuous reactors at a long hydraulic residence 
time and collect performance data until steady-state is achieved. At steady-state collect thorough 
performance data as well as biological samples for gene amplicon and genome-resolved 
metagenomics. 
Activity 2 
Operate the reactors under increasingly demanding conditions by iteratively reducing the hydraulic 
residence time across the reactors step-wise after steady-state at each residence time is achieved. 
Collect performance data and biological samples to generate a time series of the changing 
microbial ecology across all six of the reactor systems.  
Activity 3 
Employ 16S rRNA gene amplicon sequencing to characterise the planktonic and biofilm 
communities within each zone of each BSR reactor and further monitor these communities at 
several reduced hydraulic residence times.  
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Activity 4 
Characterise the microbial communities of the BSR reactors at steady-state at a four-day HRT 
using shotgun Illumina sequencing. Process the generated sequencing reads through bioinformatic 
pipelines established by Prof. Banfield’s research group at the University of California Berkeley to 
yield and annotate the genomes of the microorganisms associated with these reactor systems.  
Activity 5 
Integrate the performance data collected from the six continuous reactors with the gene amplicon 
and genome-resolved metagenomics from activities 3 and 4 and ascribe specific species and 
communities with functional characteristics. These will be assessed for the refinement of 
parameters needed for the design and operation of sulphate reducing bioreactor system. 
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3.1 Microbial culture 
The SRB culture used to inoculate the bioreactors within this study was obtained from the 
Department of Microbiology, Biochemistry and Biotechnology, Rhodes University in 2001. The 
SRB stock culture was maintained in several batch reactors using Postgate B medium (0.42 g/ℓ 
KH2PO4, 1 g/ℓ NH4Cl, 1 g/ℓ MgSO4.7H2O, 0.9 g/ℓ Na2SO4, 0.4 g/ℓ yeast extract, 0.3 g/ℓ sodium 
citrate, neutral pH) supplemented with several electron donors, including acetate; lactate; ethanol; 
a composite of lactate, ethanol and acetate; and anaerobic digestate from an anaerobic digestor 
fed spirulina biomass. The BSR batch reactors were further enriched by the addition of samples 
of anoxic river sediment and an industrial oxidation pond. These batch reactors were maintained 
at a sulphate concentration of 1 g/ℓ and a COD:SO4 ratio of 0.7 to favour the growth of SRB.  
3.2 Reactor medium 
The bioreactors of this study were maintained on 1.0 g/ℓ (10.41 mM) sulphate Postgate B medium 
containing the following: 0.42 g/ℓ (2.41 mM) KH2PO4, 1 g/ℓ (18.69 mM) NH4Cl, 1 g/ℓ (4.06 mM) 
MgSO4.7H2O, 0.3 g/ℓ (1.16 mM) sodium citrate, 0.9 g/ℓ (6.33 mM) Na2SO4, 0.4 g/ℓ yeast extract 
and either 0.92 g/ℓ (11.2 mM) sodium acetate or 1.5 g/ℓ (13.32 mM) sodium lactate as the 
supplemented electron donor. The concentrations of lactate and of acetate used in the media 
were independantly selected for optimal sulphate reducing performance and efficient electron 
donor utilisation, based on kinetic studies described in Chapter 2. 
Citrate was incorporated into the medium to prevent precipitation of media components during 
autoclaving. The medium was not deaerated following autoclaving meaning that low concentrations 
of oxygen (approximately 8 mg/L/0.25 mM) were present in the media entering the reactors. This 
concentration of oxygen was deemed to be negligible when considering the oxidation of organic 
electron donors. 
3.3 Reactor units 
Three reactor configurations were used in this study, namely continuous stirred-tank reactors 
(CSTRs), linear flow channel reactors (LFCRs) and up-flow anaerobic packed bed reactors 
(UAPBRs). The CSTRs and LFCRs are well-mixed reactors whilst the UAPBRs are governed by 
plug flow. The CSTRs support primarily a free-floating planktonic microbial culture whilst solid 
support structures were incorporated into the LFCR and UAPBR in order to facilitate additional 
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biofilm communities in these systems. These reactor configurations are discussed in further detail 
below. 
3.3.1 Continuous stirred-tank reactor  
Studies were carried out in two identical glass stirred-tank reactors with a working volume of 1 ℓ 
(Figure 3-1). The reactors had a height of 200 mm, a diameter of 104 mm and a liquid height of 
118 mm. These reactors were similar to those used by Moosa et al. (2002) and Oyekola et al. 
(2009) to conduct kinetic analyses of BSR. Mixing was achieved using a Heidolph overhead stirrer 
which powered a four-blade Rushton impeller (D/T = 0.303) and was operated at 300 rpm. Vortex 
formation was prevented using four vertical baffles. The lids of the reactors were modified to 
prevent air ingress into the reactors. Briefly, the shaft of the impellor passed through a column in 
the lid and was held in place by three rubber O-rings. The reactors were operated continuously 
by means of a variable speed peristaltic pump (Masterflex) which continuously fed reactor medium 
into the reactors via the inlet port. Sampling was performed using a single sampling port which 
extended to near the base of the reactor. Effluent was discharged by gravity from the reactor via 
an overflow port. Heated water was passed through external glass jackets, by a circulating water 
bath, to maintain a constant temperature of 30°C in the reactor. 
 
 
Figure 3-1 Schematic diagram (i) and photograph (ii) of a 1ℓ Continuous stirred-tank reactor operated 
in this study. A: feed reservoir; B: pump; C: feed inlet; D: sampling port; E: effluent port; 
F: effluent collection; G: glass heating jacket; H: Rushton impellers; I: CSTR  
 
 
 
 
Chapter 3  Materials and Methodology  
42 
 
3.3.2 Linear flow channel reactor  
The 2.4 ℓ Linear flow channel reactors (LFCRs) used in this study (Figure 3-2, Figure 3-3,) were 
constructed from 12 mm thick Perspex. The reactor had external dimensions of length: 275 mm, 
width: 123 mm and height of 112 mm. The reactor had an internal length of 247 mm, width of 100 
mm and height, from base to inlet and effluent ports, of 100 mm. The reactor had a working 
volume of 2.4 ℓ and a headspace of 1.25 ℓ. A silicone gasket was placed between the top of the 
reactor and the Perspex lid which were securely bolted to the reactors to prevent the ingress of 
oxygen and loss of volatile sulphide from the reactor. Heated water was pumped through internal 
stainless-steel heating coils using a circulating water bath to maintain the temperature within the 
reactor at 30°C. Carbon microfibres were incorporated into the LFCR to increase the internal 
surface area for the formation of biofilms within the reactor. These carbon microfibres were 
anchored to- and extended above and below three stainless-steel metal frames which spanned the 
length of the reactor from the inlet to the effluent port as shown in Figure 3-2 and Figure 3-3 The 
LFCR is demarcated into two zones of equal volume, the inlet and effluent zone, as shown in 
(Figure 3-2). The inlet-zone encompassed the full height and width of the reactor but extends from 
the inlet port to the middle of the length of the reactor. The effluent zone extended from the 
middle of the length of the reactor to the effluent port. Sampling was performed on these two 
reactor-zones independently.  
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Figure 3-2 Schematic diagram (i) and photograph (ii) of a Linear flow channel reactor (LFCR) 
operated in this study. The reactor had a working volume of 2.4 ℓ and a headspace of 
1.25 ℓ. A: feed reservoir; B: pump; C: feed inlet; D: effluent port; E: effluent collection; G: 
sampling port; H: internal heating coil; I: carbon fibre support scaffold; J: carbon 
microfibres which extend across the reactor, anchored to the carbon fibre support 
scaffold, K: inlet zone; L: effluent zone 
 
 
Figure 3-3  Photographs of the Perspex LFCR (A) during assembly and (B) after carbon microfibres 
had been fitted within the reactor, prior to inoculation.   
 
The LFCR has been demonstrated to achieve complete mixing within one hydraulic residence time 
by Marais et al. (2020)  and this study (Appendix A.2).  
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3.3.3 Up-flow anaerobic packed bed reactor  
Two glass Up-flow anaerobic packed bed reactor (UAPBRs) were operated in this study as shown 
in Figure 3-4. These reactors were held vertical and bolted to a metal frame. Reactor medium 
(Section 3.2) was continuously pumped into the reactors using a variable speed peristaltic pump 
via the inlet port positioned of the base of the reactors. Effluent from these reactors was 
discharged by gravity via effluent ports positioned near the top of the reactor. Water was pumped 
through external heating jackets, using a circulating water bath, to maintain a temperature of 30°C 
within the reactors. Sampling pipes were fitted to the base and top of the reactor which extend 
to the boundary between the inlet and middle zones, middle and effluent zones and just below the 
effluent port. These reactors were packed with open-cell polyurethane foam cubes (20 mm x 20 
mm x 20 mm) to act as a biomass support matrix for the formation of microbial biofilms within 
the reactors. This foam occupied approximately 40 cm3 (4%) of the internal 1ℓ working volume. 
 
Figure 3-4 Schematic diagram (i) and photograph (ii) of a UAPBRs operated in this study. The reactors 
had a working volume of 1ℓ, an internal diameter of 40 mm and a height of 80 mm. The 
reactor was demarcated into three 0.33 ℓ sequential zones. These were demarcated as 
the inlet, middle and effluent zones, and these were further divided to six sequential 0.167 
ℓ sub-zones that were numbered one, at the inlet, to six at the effluent. A: feed reservoir; 
B: peristaltic pump; C: feed inlet; D: sampling ports; E: effluent port; F: effluent reservoir; 
G: external heating jacket; J: inlet zone; K: middle zone; L: effluent zone. 
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3.4 Reactor operation 
3.4.1 Reactor inoculation and start-up 
The three duplicate reactor systems (Section 3.3) were filled to half of the reactor working volume 
with sterile Postgate B media supplemented with an appropriate electron donor (each duplicate 
reactor receiving either acetate or lactate, Section 3.2). SRB Inoculum, described in Section 3.1, 
was added to each reactor to fill them to the respective working volumes. The lids of the reactors 
were tightly sealed, and the headspace of each reactor was sparged with nitrogen gas for two 
minutes to ensure anaerobic conditions.  
The six reactors were operated as batch systems for a period of seven days, with 10% (v/v) of the 
liquid volume being replaced with fresh, sterile reactor medium supplemented with the 
appropriate electron donor (Section 3.2) every 48 hours. The reactors were sampled regularly 
and assayed for sulphate, sulphide and VFA concentrations, pH and redox as described in Section 
3.5.  
3.4.2 Continuous reactor operation 
The reactors were changed to continuous operation after being operated as batch reactors for 
seven days. Sterilised reactor medium, supplemented with either acetate or lactate as the electron 
donor, was continuously supplied to the respective reactor via a peristaltic pump. The CSTRs 
(Section 3.3.1) were initially operated at a five-day HRT (0.008 h-1) and the LFCR (Section 3.3.2) 
and UAPBR (Section 3.3.3) at a four-day HRT (0.010 h-1). The sulphate reducing performance of 
the CSTRs was expected to be abolished at longer HRT compared to the LFCR and UAPBRs 
based on the susceptibility of these systems to cell washout at short HRT. Therefore, the CSTRs 
were operated initially at five-day HRT prior to the reduction in the HRT to four-days to increase 
the number of steady-state performance points. The methanogenic inhibitor BESA (sodium 2-
bromoethanesulfonate; Sigma Aldrich) was added to the six continuous reactors after 30 days of 
continuous operation to a final concentration of 10 mM  within the LFCRs and CSTRs and 20 mM 
to the UAPBRs. This was done to reduce the competition for acetate between SRB and any 
potential methanogens present in the inoculum. 
Each reactor zone of each reactor was sampled at least once per hydraulic residence time during 
monitoring and three times per HRT during defined steady-state periods. Sampling was performed 
by drawing 7 mℓ of bulk liquid via the respective sampling ports using a 10 mℓ syringe. Standard 
assays involved sulphate, sulphide and VFA analysis (Section 3.5) using 2 mℓ of solution drawn from 
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the reactors, whilst 5 mℓ of solution was used for pH and redox potential measurements (Section 
3.5). 
As the CSTRs are well-mixed, only a single representative sample was taken from each of these 
reactors. The LFCR, although relatively well-mixed, were sampled from the inlet and effluent zone 
via sampling ports positioned at the far-left and far-right of the reactor, in the middle row (Figure 
3-2). In addition, approximately 10 mℓ of solution was collected from the effluent of this reactor. 
This solution was assayed as described above but no sulphide measurements were taken as the 
solution was exposed to the atmosphere for extended periods of time making sulphide analysis 
variable and not representative of the sulphide leaving the reactor. Solution leaving the UAPBRs’ 
inlet, middle and effluent zones were sampled via sampling ports connected to sampling pipes 
which extend to the relevant zone as shown in Figure 3-4.  
Upon reaching steady-state conditions within each zone of a reactor, the performance of each 
reactor zone was monitored closely and steady-state sampling was performed (Section 3.4.3) 
before the hydraulic residence applied to the system was reduced. This was performed iteratively 
as described in Table 3-1. When results from this study are reported, the HRT at which data was 
collected will be stated and the corresponding dilution rate, applied over the entire reactor, will 
be shown in parentheses.  
 
Table 3-1  The hydraulic residence times (HRT) and corresponding applied dilution rates at which 
the steady-state performance of the acetate- and lactate-supplemented CSTR, LFCR and 
UAPBR were evaluated during the course of this study. The performance of the CSTRs 
was evaluated at two additional HRT, compared to the LFCR and UAPBR, due to these 
reactors rapidly reaching steady state following a change in the HRT. 
HRT (days) dilution rate (h-1) CSTR LFCR UAPBR 
5 0.0083 ● 
  
4 0.0104 ● ● ● 
3 0.0139 ● ● ● 
2.6 0.0157 ● ● ● 
2.3 0.0179 ● ● ● 
2 0.0208 ● ● ● 
1.75 0.0238 ● 
  
1.5 0.0278 ● ● ● 
1.3 0.0321 ● ● ● 
1 0.0417 ● ● ● 
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3.4.3 Steady-state sampling 
Steady-state conditions were defined as consistent residual sulphate concentrations in each 
reactor zone, for a minimum of three HRT, with less than 10% variation in the observed sulphate 
concentration. In addition, the gradient of a fitted linear trendline across the steady-state residual 
sulphate concentrations, against time in days, fell within -2.0 to 2.0 mg SO4/ℓ.day. 
In addition to standard sampling analyses for sulphate, sulphide, VFA, pH and redox potential which 
were performed at least three times per hydraulic residence time during steady-state, the 
concentration of bicarbonate in the effluent of each reactor was also determined during defined 
steady-state periods (Section 3.5.5). 
The biomass retention was estimated for the planktonic communities of each reactor zone at each 
defined steady-state using a modified detachment and direct cell counting protocol as described 
in Section 3.6.1 (Table 3-2). Total metagenomic DNA from the planktonic communities was 
extracted from duplicate samples (Section 3.8.2).  
Biofilm-attached and biofilm-associated cells were quantified at the four-day (0.010 h-1) and 
ultimate one-day HRT (0.042 h-1) as described in Section 3.6.2 (Table 3-2). These biofilm 
communities were not quantified at HRT between a four-day and one-day HRT due to the 
potential impact, of exposing these systems to oxygen, on reactor performance. Total 
metagenomic DNA was extracted and purified from representative biofilm-attached and -
associated communities in parallel to biomass quantification. In addition, solid support structures 
were removed and visualised using scanning electron microscopy (SEM; Section 3.6.3). 
Representative biofilm communities were quantified and total metagenomic DNA extracted from 
the inlet and effluent zones of the LFCRs. Whereas, biofilm communities were quantified and total 
metagenomic DNA extracted and purified from zones 1 and 6 of the UAPBRs (Figure 3-4) at a 
four-day HRT, and from zones 1 through 6 at a one-day HRT. The biofilm communities of only 
two zones were sampled at a four-day HRT due to the substantial perturbation caused to the 
UAPBRs’ microbial communities due to unpacking of the polyurethane foam from all reactor zones.  
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Table 3-2 The (P) planktonic and (B) biofilm-associated and -attached communities, from the CSTR, 
LFCR and UAPBR reactor zones, which were sampled at steady-state for biomass 
qunatification during the HRT study.  
Reactor Zone 
5 4 3 2.6 2.3 2 1.75 15 1.3 1 HRT (days) 
0.008 0.010 0.014 0.016 0.018 0.021 0.024 0.003 0.032 0.042 dilution rate (h-1) 
CSTR n/a P P P P P P P P P P   
LFCR 
inlet   P/B P P P P   P P P/B   
effluent   P/B P P P P   P P P/B   
UAPBR 
inlet 
1   B               B   
2   P P P P P   P P P/B   
middle 
3   
 
              B   
4   P P P P P   P P P/B   
effluent 
5                   B   
6   P/B P P P P   P P P/B   
 
3.5 Analytical methods 
3.5.1 Sulphate 
The standard turbidimetric method (Greenberg and Eaton, 1999) was used to determine residual 
sulphate concentrations. This assay is based on the reaction of sulphate ions with barium to form 
barium sulphate. The insoluble barium sulphate forms small particles of relatively uniform size. 
This results in an increase in the turbidity of the solution which is quantified using a 
spectrophotometer at a wavelength of 420 nm. Briefly, zinc chloride solution was added 
immediately to 2 mℓ of sample to a final concentration of 0.167% (w/v) and vortexed for five 
seconds. This precipitated any sulphide in solution as zinc sulphide and prevents the oxidation of 
any sulphide to sulphate during the assay. The solution was clarified by centrifugation at 10 000 g 
in a benchtop microfuge for 10 minutes. The sample was then passed through a 0.22 μm syringe 
filter to remove any remaining cells and/or particulate matter. The sample was then suitably diluted 
with deionised water to a total volume of 5 mℓ. Subsequently, 250 μℓ of conditioning reagent was 
added to the diluted sample and vigorously mixed using a benchtop vortex for 10 seconds. A 
‘micro-scoop’ of barium chloride salt (Sigma Aldrich, analytical grade, 30 mesh minimum size) was 
added and the solution and vigorously mixed using a benchtop vortex for approximately one 
minute. The turbidity of the solution was determined by the absorbance of the solution at 420 nm. 
The concentration of sulphate was determined relative to a sulphate standard curve made using 
analytical grade Na2SO4 at varying concentrations (Appendix A.1.2).  
3.5.2 Sulphide 
The aqueous sulphide generated in the reactors was quantified using the colourimetric DMPD 
method (Cline, 1969). This assay is based on the reaction, catalysed by Fe3+ ions, of aqueous 
sulphide with N,N-dimethyl-p-phenylenediamine to form methylene blue which can be quantified 
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spectrophotometrically. A suitable volume of sample (typically 20-50 uℓ) was added to 200 μℓ of 
1% (w/v) zinc acetate to stabilise the aqueous sulphide and prevent the protonation of aqueous 
sulphide (HS-) to gaseous sulphide (H2S). Thereafter the volume was made up to 5 mℓ using 
deionised water. Thereafter, N,N-dimethyl-p-phenylenediamine and ferric chloride were added 
sequentially, to final concentrations of 0.033 and 0.133% (w/v), respectively. The sample was mixed 
vigorously using a bench-top vortex for 10 seconds and allowed to react for a further five minutes. 
Thereafter the absorbance of the samples was measured at a wavelength of 670 nm using a 
benchtop V-1200 VWR spectrophotometer and the concentration of sulphide determined against 
a sulphide standard curve (Appendix A.1.3). 
3.5.3 pH and redox potentials 
Routine pH measurements were performed using a Cyberscan 2500 micro pH meter fitted with 
an XS Sensor 2-Pore T DHS pH probe. The pH probe was calibrated using Accsen Instrumental 
standard buffering solutions (pH 4.0 and 7.0) immediately prior to use. The redox potential of 
reactor samples was measured using the Metrohm 827 pH lab meter fitted with a Pt-ring (Ag/AgCl 
reference) 3 M KCl electrode (Metrohm model 6.0451.100). Redox potentials are reported 
relative to standard hydrogen electrode (Eh values). 
3.5.4 Volatile fatty acids  
The concentrations of several volatile fatty acids (VFAs) were determined by high-performance 
liquid chromatography (HPLC) on a Waters Breeze 2 system. This system was equipped with a 
Bio-Rad Organic Acids ROA column and UV (210 nm wavelength) detector and operated at a 
flow rate of 0.6 mℓ/min using a mobile phase of 10 mM H2SO4. The concentrations of acetate, 
lactate, propionate, butyrate, citrate and valerate were determined against a standard curve of 
these VFAs at concentrations between 100 and 600 mg/ℓ. Standard solutions of each VFA were 
made using analytical grade reagents (Sigma). 
3.5.5 Alkalinity  
The concentration of bicarbonate alkalinity in the effluent of the reactors was assayed using the 
APHA standard titration method (APHA method 2320, 1975). Briefly, 20 mℓ of reactor effluent 
was collected and 0.1 N H2SO4 continuously added whilst monitoring the pH using a Cyberscan 
2500 micro pH meter. The initial pH of the solution and five further pH measurements were 
collected during titration until the pH reached the endpoint pH of 3 ± 0.2.  The volume of H2SO4 
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utilized during the titration was recorded. The Gran function (Fx, Equation 3-1) was calculated for 
each pH measurement using the following equation (APHA method 2320, 1975):  
     𝐹𝑥 = −10
−𝑃𝐻𝑥(𝑉𝑠 + 𝑉𝑥)    Equation 3-1 
 
Where Vs is the volume of sample, Vx is the volume of acid added and pHx is the measured pH of 
the solution. Linear regression is used to determine the value of Vx where Fx is equal to zero. This 
is termed the equivalence point, Ve. The alkalinity is then calculated using the following equation 
(APHA method 2320, 1975; Equation 3-2):):  
      𝐴𝑇 =
𝑉𝑒𝐶𝑎
𝑉𝑠
     Equation 3-2 
 
Where AT is the concentration of alkalinity, Ve is the calculated equivalence point, Ca is the 
concentration of acid and Vs is the volume of the sample.  
Expected bicarbonate concentrations were calculated based on the degree of observed electron 
donor utlisation and the stoichiometric equations presented in Table 2-1. This considered the 
pKa1 of carbonic of 6.37 and the pH within the given reactor zone. 
 
3.6 Cell biomass isolation and quantification 
The isolation and quantification of the distinct microbial communities associated with discrete 
phases each reactor system was necessary for the complete characterisation of a given reactor 
system. The methods described below detail the isolation of the planktonic, biofilm-associated and 
biofilm-attached communities from each appropriate reactor configuration. The planktonic cells 
were defined as free-floating microbial cells found solely within the bulk liquid of each reactor. 
The biofilm-associated cells were defined as those cells associated with the surface of biofilms but 
not directly attached and, therefore, could be removed (as described below) through gentle 
agitation. Biofilm-attached cells were those cells colonising the surface of the solid support 
structures and/or embedded in EPS anchored to these supports. Recovery of whole cells from 
biofilm attached communities required vigorous agitation and use of non-ionic detergent to detach 
biofilms from the solid support structures and to liberate cells from the EPS. The separate isolation 
of these communities was necessary not only for accurate quantification of the microorganisms 
colonising these, respective, phases but it also enables the independent microbial speciation of 
each of these communities (Sections 3.8 - 3.10). This was facilitated through the use of a modified 
cell detachment and recovery protocol. This protocol was adapted from Chiume et al. (2012) and 
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Govender et al. (2013) who each successfully used this approach to recover microbial cells from 
the surface of low-grade chalcopyrite ore. This approach has also been successfully applied by   
Makaula (2019). This protocol was adapted and validated for the detachment of cells from 
colonised carbon microfibres and polyurethane foam (Appendix A.3). 
The quantified cell concentrations determined for the biofilm-attached and biofilm-associated 
communities of the LFCRs and UAPBRs are presented as cell concentrations given per reactor 
working volume. This was calculated by estimating the total amount and volume of solid support 
structures present in a reactor and reactor zone.  
3.6.1 Direct microscope cell counting  
Direct microscope cell counting was used to determine the concentration of microbial cells in a 
given solution. This included planktonic cells within a solution drawn directly from a bioreactor or 
solution generated during the cell detachment protocol. 
Cell concentrations were quantified by direct microscope counting using a Thoma counting 
chamber and an Olympus BX40 phase contrast microscope using 1000x magnification. Briefly, 1.1 
μℓ of an appropriately diluted sample was pipetted into the centre of the Thoma counting chamber 
and covered with a coverslip. The sample was viewed using oil immersion phase contrast 
microscopy on an Olympus BX40. Cells within 16 blocks of the Thoma counting chamber, 
representing one quadrant, were counted in duplicate. The concentration of cells in the original 
sample were calculated using Equation 3-3, below: 
 
 
 
 
 
CN = 
𝐶 × (
𝑁𝑇
𝑁𝐿
)
𝐷 × 𝐴
 ×
1
𝑑
 × 103   Equation 3-3 
where: 
 
  
CN = Cell concentration (cells/mℓ) 
C = Number of cells counted in the large squares 
NT = Total number of large squares (= 16) 
NL = Number of large squares where cells were counted 
D = Depth of the chamber (0.02 µm) 
A = Area  
d = Dilution 
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3.6.2 Recovery of whole microbial cells from solid support structures  
Carbon microfibres were incorporated into the LFCRs and open-pore polyurethane foam pieces 
were incorporated into the UAPBRs to increase the surface area for microbial attachment and 
biofilm formation within these reactors. Microbial colonisation of these supports was confirmed 
using SEM. The modified cell detachment protocol was, therefore, validated for use to recover 
the biofilm-associated and -attached cells from these support structures (Appendix A.3). The 
following protocol was performed using colonised polyurethane foam pieces (2 cm3) from the 
UAPBRs or carbon microfibres (approximately 2.5 cm in length) removed from the stainless-steel 
support structures of the LFCRs. This protocol was performed in duplicate in each instance. 
Three units of support structures were removed from the respective reactor configuration. These 
were placed into 50 mℓ Sterilin tubes containing 30 mℓ of Postgate B media (Section 3.4) without 
a supplemented electron donor. The tubes containing the solid support structures were swirled 
by hands for five seconds. This gentle agitation was performed to remove the biofilm-associated 
cells from the surface of the biofilms and introduce these cells into the medium. These cells were 
recovered through centrifugation at 10 000 g for 10 minutes. For quantification of the biofilm-
associated cells, the resulting cell pellets were resuspended in 2 mℓ of 1x PBS buffer and counted 
using a Thoma counting chamber (Section 3.6.1). For speciation of the biofilm-associated cells, the 
resulting cell pellets were resuspended in lysis buffer and DNA extraction and purification 
performed as described in Section 3.8.2. Purified DNA was stored at -60 °C until DNA sequencing 
was performed.  
The biofilm-attached cells were immediately recovered from the solid support structures following 
the removal of the biofilm-associated cells. The solid support structures were aseptically 
transferred to new 50 mℓ Sterilin tubes containing 30 mℓ of Postgate B media with no 
supplemented electron donor but containing 0.4% (w/v) Tween® 20 detergent. The sterilin tubes 
were vigorously agitated for two minutes at 3200 rpm using a benchtop vortex - this represents 
the first Tween® 20 wash step. The solid support structures were then aseptically transferred to 
a new Sterilin tube containing 30 mℓ Postgate B media, without an electron donor but containing 
0.4% (w/v) Tween® 20 detergent and vigorously agitated as described above. This was repeated 
for a total of seven Tween® 20 wash steps. Seven wash steps had been previously demonstrated 
to recover the majority of biofilm-attached cells from the surface of colonised carbon microfibres 
(Appendix A.3). The supernatant of the seven Tween® 20 wash steps was recovered, pooled and 
the cells recovered by centrifugation at 10 000 g for 10 minutes. The harvested biofilm-attached 
cells were resuspended in 2 mℓ of 1x PBS buffer and quantified by direct microscope cell counting 
(Section 3.6.1).  
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3.6.3 Scanning electron microscopy 
The surface of colonised solid support structures from the LFCR and UPABR and uncolonized 
control support structures were visualised using scanning electron microscopy (SEM). Solid 
support structures were cut into smaller pieces using sterile stainless-steel scissors and placed in 
2.5% (v/v) glutaraldehyde (Sigma) for 8 to 12 hrs at 4°C. The support structures were then rinsed 
in 1x PBS and subsequently with deionised water. The support structures were then dehydrated 
through an alcohol series of 30, 50, 70, 90, 95, 99, 100% (v/v) ethanol for ten minutes each at 4°C. 
The support structures were then glued to an aluminium stub using carbon tape and critical point 
dried using hexamethyldisilane (HMDS; Sigma). The mounted solid support structures were then 
sputter-coated with carbon and viewed using an FEI NOVA NANO SEM 230 at various 
magnifications.  
3.7 Physiochemical and kinetic data handling 
3.7.1 General kinetic equations 
Sulphate conversion 
The sulphate conversion achieved by a reactor or reactor zone was calculated by the general 
equation below: 
     𝑆𝑢𝑙𝑝ℎ𝑎𝑡𝑒 𝑐onversion =
S0-S
𝑆0
 x 100   Equation 3-4 
Where S0 represents the incoming sulphate concentration and S represents the residual sulphate 
concentration leaving the respective reactor or reactor zone.  
Expected sulphide 
The expected sulphide concentration was calculated based on the observed residual sulphate 
concentration with respect to the initial feed sulphate concentration as shown below   
    𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑙𝑝ℎ𝑖𝑑𝑒 = 
𝑆0−𝑆
3
   Equation 3-5 
Where S0 and S represent the feed sulphate (1 g/ℓ or 10.4 mM) and residual sulphate concentration, 
respectively.  
Volumetric sulphate loading rate 
The volumetric sulphate loading rate (VSLR) applied to each reactor and reactor zone was 
calculated based on the applied dilution rate and feed sulphate concentration as shown below: 
𝑉𝑆𝐿𝑅 = 𝑆0 x 𝐷 Equation 3-6 
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where S0 represents the concentration of sulphate in the incoming stream (1 g/ℓ or 10.4 mM for 
CSTR, LFCR and UAPBR inlet zones, variable for UAPBR middle and effluent zone) and D 
represents the dilution rate (time-1). 
Volumetric sulphate reduction rate 
The volumetric sulphate reduction rate (VSRR) was calculated, as shown below, where S0 
represents the concentration of sulphate in the incoming stream and S represents the residual 
sulphate concentration leaving a reactor or reactor zone.  
𝑟𝑠 = (𝑆0  −  𝑆) 𝐷 Equation 3-7 
3.7.2 Predicting cell biomass concentrations in a continuous stirred-tank reactor  
The predicted biomass concentrations of mixed and pure SRB cultures, under various operating 
conditions, were estimated from kinetic constantans reported in the literature using Equation 3-8. 
This equation derives from a cell mass balance in a well-mixed continuous system (Pirt, 1965), 
assuming no cell maintenance: 
 
The biomass concentration (Cx) is calculated using the biomass yield coefficient (YX/S), the dilution 
rate (D) applied to the system, the limiting substrate concentration (C0) in the inlet stream, the 
saturation constant (KS) for that substrate and the theoretical maximum growth rate (μmax) of the 
microorganism(s). The biomass concentration cannot be calculated when the biomass yield 
coefficient is not available. However, the proportionality between two or more biomass 
concentrations under varying substrate concentrations and dilution rates can be calculated by 
making the YX/S term equal to one.  
3.7.3 Modelling of UAPBR kinetic data  
The sulphate reducing performance of the UAPBRs were modelled as ideal plug flow reactors 
according to         
 Equation 3-9, where X is the sulphate conversion, V is the volume of the reactor, or tested 
reactor region, -rA is the reaction rate, F is the flow rate (volume per time) and C0 is the 
concentration of substrate entering the reactor or reactor zone. 
          Equation 3-9 
𝐶𝑋 = 𝑌𝑋/𝑆 ⋅ (𝐶0 − (
𝐷⋅𝐾𝑆
𝜇 𝑚𝑎𝑥 −𝐷
))         Equation 3-1 
𝑑𝑋
𝑑𝑉
=
−𝑟𝐴
𝐹.𝐶
0
  
𝑑𝑋
𝑑𝑉
=
−𝑟𝐴
𝐹.𝐶
0
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A generalised rate equation (Equation 3-10) was substituted into Equation 3-9 yielding an overall 
expression describing the rate of an nth order irreversible reaction with rate constant k and starting 
substrate concentration CA, in an ideal plug flow reactor (Equation 3-11).  
             Equation 3-10 
    Equation 3-11 
 
Equation 3-9, was rearranged to yield Equation 3-12: 
     Equation 3-12 
This was resubstituted into Equation 3-11 to give Equation 3-13: 
      Equation 3-13 
This was rearranged to give Equation 3-14: 
    Equation 3-14 
Performing integration and solving for CA results in Equation 3-15: 
 Equation 3-15 
 
 
 
 
𝑟𝐴 = −𝑘. 𝐶𝐴
𝑛 
𝑑𝑋
𝑑𝑉
=
−𝑘.𝐶
𝐴
𝑛
𝐹.𝐶
0
  
𝑑𝑋 = −
1
𝐶0
𝑑𝐶𝐴  
−
1
𝐶0
 𝑑𝐶𝐴
𝑑𝑉
=
−𝑘. 𝐶𝐴
𝑛
𝐹. 𝐶0
 
𝑑𝐶
𝐴
𝐶
𝐴
𝑛 =
𝑘 
𝐹
d V
 
 
𝐶𝐴 = (𝐶0
(−𝑛+1) + (𝑛 − 1) ⋅ 𝑘 ⋅
𝑉
𝐹
)
1
(−𝑛+1)
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This equation was substituted into Equation 3-16, an equation describing the volumetric reaction 
rate over a volume of reactor: 
 Equation 3-16 
This yielded a general equation for a PFR following a spontaneous, irreversible chemical reaction 
(Equation 3-17) with constants k representing the rate constant, and n the order of the reaction. 
The solving for these constants using experimental data is discussed below. 
 Equation 3-17 
where n ≠ 1    
In Equation 3-17, the order of the reaction, n, cannot be equal to one as this would cause the 
exponent of the term from Equation 3-15 to become undefined. As this equation would not be 
suitable for a first-order reaction, a new expression was formulated assuming first-order kinetics. 
The n term in Equation 3-10 was made to be equal to one (Equation 3-189, shown below) 
    Equation 3-19 
 Performing integration and solving for CA results in Equation 3-20: 
    Equation 3-20 
Equation 3-20 was substituted into Equation 3-16 to give Equation 3-21: 
   Equation 3-21 
Equation 3-21 describes a spontaneous, first-order, irreversible chemical reaction in a plug flow 
reactor where the constant k is the rate constant with units of time-1.  
As previously stated, the UAPBRs were sampled at three heights: at the boundary between the 
inlet and middle zone, between the middle and effluent zone, and immediately below the effluent 
of the reactor. The initial sulphate concentration, C0, at the inlet is equal to the media sulphate 
concentration of 1000 mg/ℓ. However, the sulphate concentration entering the middle and effluent 
𝑟𝐴 = −
𝐹
 𝑉
(𝐶𝐴 − 𝐶0) 
𝑟𝐴 =
𝑉
𝐹
((𝐶0
(−𝑛+1) + (𝑛 − 1) ⋅ 𝑘 ⋅
𝑉
𝐹
)
1
(−𝑛+1)
− 𝐶0)  
𝑑𝑋
𝑑𝑉
=
𝑘.𝐶𝐴
𝐹.𝐶
0
  
𝐶𝐴 =
𝐶0
ⅇ
𝑉.𝑘
𝐹
  
𝑟𝐴 = −
𝐹
𝑉
(
𝐶0
ⅇ
𝑉.𝑘
𝐹
− 𝐶0)  
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zones varied according to the concentration of sulphate consumed in the inlet, and the inlet and 
middle zones respectively. Experimental data collected from the UAPBRs at each tested flow rate 
and each reactor zone (Figure 3-5 and Table 3-3) was recorded according to the volume (V) of 
the zone, the applied flow rate (F), the sulphate concentration entering the zone (C0), the sulphate 
concentration leaving the zone (CA) and the reaction rate across the zone calculated from Equation 
3-16. 
 
Figure 3-5 Schematic of the UAPBR reactor zones and composite zones from which kinetic data was 
inputted into the reactor kinetic Equation 3-17 and Equation 3-21.  
 
Table 3-3 The UAPBR reactor zones (A-C) and composite zones (D-F) from which collected kinetic 
data were inputted into the reactor kinetic Equation 3-17 and Equation 3-21. The volume 
and the starting sulphate concentrations are shown. Refer to Figure 3-5 for the position 
of reactor zones and composite zones A to F. 
  
 
 
 
 
 
 
 
 
 
Label on Figure 3-5 Zone Volume (ℓ) C0 (mg SO4
2- /ℓ) 
A inlet 0.333 1000 
B middle 0.333 variable 
C effluent 0.333 variable 
D inlet:middle 0.666 1000 
E inlet:effluent 1 1000 
F middle:effluent 0.666 variable 
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Each flow rate, volume, and initial substrate concentration combination tested was substituted 
into Equation 3-17 and Equation 3-21. Non-linear regression using the iterative, generalised 
reduced gradient (GRG) method was employed to solve for constants k and n (Warren, 1976). 
This was done using the SOLVER function of Microsoft Excel (Microsoft Office 365 ProPlus). This 
feature varies k and n to yield a modelled rate for each C0, F and V tested which produces the 
lowest standard squared error (SSE) against the observed rate. The standard squared error is 
calculated according to: 
    Equation 3-22 
 where y is the observed rate and yfit is the modelled rate. 
The goodness of fit of the models, with predicted k and n values, was done by calculating the 
coefficient of determination R2 (Kvalseth, 1983) according to: 
    Equation 3-23 
where y is the observed reaction rate, yfit is the modelled reaction rate using the k and n values 
calculated, and ymean is the mean of all observed reaction rates (rA). 
Confidence intervals were calculated by two-tailed inverse of the Student's t-distribution using a 
probability of 95% and degrees of freedom equal to the number of reaction rates used to solve 
for k and n. The produced critical t-value was multiplied by the standard error (SE; Equation 3-24),  
to yield a 95% confidence interval.  
   Equation 3-24 
3.8 Approach to time-course sequencing and provision of 
metadata 
3.8.1 Rationale of the sequencing approach 
Gene amplicon sequencing of the 16S rRNA gene from metagenomic DNA samples was used to 
monitor changes in the composition of the microbial communities and identify microorganisms 
pertinent to system performance. Genome-resolved metagenomics was used in parallel to resolve 
the metabolic potential of these identified microorganisms.  
𝑆𝑆𝐸 = ∑(𝑦 − 𝑦𝑓𝑖𝑡)
2  
𝑅2 =  1 −
∑(𝑦−𝑦𝑓𝑖𝑡)
2
∑(𝑦−𝑦𝑚𝑒𝑎𝑛)2
  
𝑆𝐸 = √
𝑆𝑆𝐸
𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓𝑓𝑟𝑒𝑒𝑑𝑜𝑚
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Gene amplicon sequencing was initially used to characterise the microbial communities of the 
planktonic, biofilm-associated and attached communities of the six BSR reactors at longer HRT 
(Table 3-4). A selection of these samples was then sequenced by Illumina shotgun metagenomic 
sequencing. The choice of samples for shotgun metagenomic sequencing was based on the 
minimum number of samples which would allow for recovery of genomes from the majority of 
the microorganisms identified by the initial 16S rRNA gene amplicon sequencing. Further 16S 
rRNA gene amplicon sequencing was subsequently used to monitor the changes in these microbial 
communities during the course of the HRT study, as shown in Table 3-4. 
Table 3-4 Metagenomic sequencing strategy used to assess the microbial communities of this study. 
Metagenomic DNA samples were assessed by 16S rRNA amplicon sequencing during the 
first (■) and second (●) round of sequencing of acetate and lactate reactor samples, and 
the reactor inoculum. Metagenomic samples which were assessed by genome-resolved 
metagenomics are starred (*). Recovered DNA samples that have not been sequenced 
are also shown ( ○) 
Reactor Zone Phase 
HRT (days) 
5 4 3 2,66 2,33 2 1.75 1.5 1.3 1 
CSTR n/a planktonic ● ■* ● ○ ○ ● ○ ○ ○ ● 
LFCR 
inlet planktonic   ■* ● ○ ○ ● ○ ○ ○ ● 
  associated ■*                 
  attached   ■*                 
effluent planktonic   ■* ● ○ ○ ● ○ ○ ○ ● 
  associated ■*               ● 
  attached   ■*               ● 
UAPBR 
inlet (1) associated ■*               ● 
  attached   ■*               ● 
inlet (2) planktonic   ■* ● ○ ○ ● ○ ○ ○ ● 
  associated                 ● 
  attached                   ● 
middle (3) associated                 ● 
  attached                   ● 
middle (4) planktonic   ■* ● ○ ○ ● ○ ○ ○ ● 
  associated                 ● 
  attached                   ● 
effluent (5) associated                 ● 
  attached                   ● 
effluent (6) planktonic   ■* ● ○ ○ ● ○ ○ ○ ● 
  associated ■*               ● 
 
  
attached   ■*               ● 
3.8.2 Total DNA extraction 
Total genomic DNA was extracted and purified from planktonic, biofilm-associated and -attached 
microbial communities from the BSR reactors of this study using a NucleoSpin® soil genomic DNA 
extraction kit (Machery-Nagel, Germany) as per manufacturer's instructions. Additional details 
and deviations from this protocol are outlined below.  
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Planktonic cells were recovered from the respective reactors by removing 15 mℓ of bulk liquid 
from each reactor zone via a sampling port. The cells were harvested by centrifugation at 10 000 
g for 10 minutes in a benchtop microfuge. The biofilm-associated cells (i.e. no firm attachment) 
were isolated as described in Section 3.6.2. Briefly, solid support structures were removed from 
the respective bioreactor and gently agitated in 30 mℓ of sterile reactor medium containing no 
supplemented electron donor, for ten seconds. The biofilm-associated cells were recovered 
through centrifugation of this solution at 10 000 g for 10 minutes. Pelleted cells from the associated 
and planktonic samples were resuspended in lysis buffer before being transferred to DNA 
extraction tubes. Following the removal of biofilm-associated cells, sterile stainless-steel scissors 
were used to dissect the solid support structures into smaller pieces which could be placed 
directly into a DNA extraction tube. The biofilm-attached cells were then extracted directly from 
the solid support structures. Prior to the final step of the DNA extraction and purification 
protocol (DNA elution), elution buffer was heated to 60°C and incubated on the DNA-bound 
membrane column for 5 minutes before elution.  
3.9 16S rRNA gene amplicon sequencing 
Purified metagenomic DNA was sent to Macrogen Korea for sample preparation, Illumina MiSeq® 
sequencing, sample pre-processing, OTU clustering and taxonomic assignment. Dual-index 
barcoded 16S rRNA gene V3-V4 sequence libraries were generated by limited cycle polymerase 
chain reaction (PCR) using the 16S rRNA gene amplicon PCR forward (FwOvAd_341F; 5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) 
and reverse primers (ReOvAd_785R; 5′-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’) 
to yield a ~460 bp product. This PCR was performed using the conditions: denaturation at 95°C 
for 3 min; 25 cycles of denaturation at 95°C for 30 s, 55°C annealing for 30 s, 72°C elongation for 
30 s; and a final extension at 72°C for 4 min. Amplicon libraries were sequenced on an Illumina 
MiSeq® sequencer generating 300 bp paired-end reads. 
Paired-end reads were merged using Fast Length Adjustment of Short reads (FLASH 1.2.11; 
http://ccb. jhu.edu/software/FLASH/; Magoč and Salzberg, 2011). CD-HIT-OUT (http://weizhongli-
lab.org/cd-hit-otu/; Li et al., 2012) was used for raw read trimming and filtering, and OTU picking 
which was performed at a distance cut-off of 0.03. OTU taxonomy assignment was performed 
using the RDP 16S rRNA classifier algorithm (https:// rdp.cme.msu.edu/index.jsp; Edgar et al., 
2010) by QIIME, UCLUST (Langille et al., 2013). 
OTUs presented in the results and discussion sections are described by their highest taxonomic 
classification, up to the genus level, followed by an ‘OTU number’- a unique whole number given 
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to each defined OTU. The distribution of the abundance of OTUs across multiple samples was 
resolved using hierarchical clustering using the Pearson correlation and single linkages using 
Clustvis (Metsalu and Vilo, 2015;  https://biit.cs.ut.ee/clustvis/). 
It is imperative that 16S rRNA gene amplicon sequencing data are interpreted with an 
understanding that the differing copy number of the 16S rRNA gene between different species can 
lead to substantial distortion in the relative abundance of microorganisms within a sample 
(Baldrian, 2013). Less emphasis should be placed on the interpretation of the composition of a 
single sample in isolation. Instead, the composition of multiple samples should be compared 
concurrently, with larger emphasis being placed on the ratio between shared microorganisms since 
the copy number of the 16S rRNA gene stays fixed within a single microorganism. The cell 
concentration of individual OTUs was estimated by multiplying the relative abundance of an OTU 
by the total cell concentration determined for that sample. The estimated cell concentrations were 
faced by the same limitations as relative abundance but allowed better-informed comparisons 
between samples to made.  
The enrichment of OTUs under specific physicochemical conditions was tested using the Walds 
t-test provided in Microsoft Excel (Microsoft Office 365 ProPlus). This variation of a two-tailed t-
test assumes unequal variance. The distribution of abundances of an OTU across a microbial 
community exposed to a physiochemical condition was compared against the distribution of said 
OTU across microbial communities where the physiochemical condition was not observed. The 
physiochemical conditions tested included exposure to lactate and the retention within a biofilm 
(Chapter 7 ). Many of the samples which were compared are not truly independent of one another 
(for example biofilm and planktonic communities within the same reactor zone). Therefore, the 
statistical significance which is reported requires further experimentation to be confirmed. 
3.10 Genome-resolved metagenomics 
3.10.1 Metagenomic DNA sequencing 
A selection of 17 metagenomic DNA samples (Table 3-4) isolated from the BSR reactor 
communities at steady-state at a four-day HRT, and the reactors’ inoculum, were shotgun 
sequenced using an Illumina® HiSeq4000®. These were sampled and sequenced in duplicate to 
determine the reproducibility of the sampling. The sequencing generated 2.5 Gbp of sequencing 
data for each of the 34 sequenced samples. Sequencing generated 150 bp paired reads with an 
insert size of 400 to 800 bp. The Illumina® CASAVA pipeline (version 1.8) was used to process 
raw sequencing data. 
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3.10.2 Read processing, assembly and annotation 
Prior to read processing, duplicate sequencing read files (2.5 Gbp) were concatenated into single 
files (5 Gbp) and are referred to hereafter as concatenated samples. The individual 2.5 Gbp 
sequencing files and the newly generated 5 Gbp concatenated sequenced samples were processed 
from read processing to genome binning and annotation in parallel. 
Sickle (https://github.com/najoshi/sickle) was used to remove Illumina adapters and perform read 
trimming of raw sequencing reads, using default parameters. The trimmed reads of the 17 
concatenated samples and 34 duplicate samples underwent assembly using MEGAHIT version 1.1.3 
(Li et al., 2015) with the following default parameters: --k-min 21, --k-max 99, --k-step 10, --min—
count 2. Larger scaffolds were then constructed from the assembled contigs using Scaffold and 
default parameters. Bowtie2  (Langmead and Salzberg, 2012) was used to determine the coverage 
of each scaffold by mapping trimmed reads to the assemblies. Open reading frames (ORFs) were 
predicted using Prodigal’s metagenome procedure (Hyatt et al., 2010) for all assemblies. The 
predicted ORFs were then annotated using USEARCH (Edgar, 2010) against KEGG (Kanehisa and 
Goto, 2000), UniRef100 and Uniprot (Consortium, 2009) databases. The tentative phylogeny of 
each scaffold was assigned using Uniref100 gene hits across each gene on a scaffold. 
3.10.3 Binning of metagenomes 
The scaffolds constructed from each assembly were binned independently using a number of 
binning strategies in parallel. MaxBin (Yu-Wei et al., 2016), Metabat (Kang et al., 2015) and Concoct 
(Alneberg et al., 2014) were used to perform assemblies on each duplicate and concatenated 
sample assembly. Concoct was then employed to generate genome bins using differential coverage 
abundance patterns across all 17 concatenated and 34 duplicate samples. Genome bins were 
manually generated using ggKbase (ggkbase.berkeley.edu) on the basis of GC content, coverage 
and consensus taxonomy. The completeness of the manually binned genomes was informed by the 
recovery of 43 bacterial-single-copy genes (BSCGs; Bork, 2007). The number and phylogeny of 
the Rps3 genes in each assembly were used to confirm that the genomes of all abundant 
microorganisms within an assembly had been binned during manual binning. 
The completeness and degree of contamination within each bin was determined using CheckM 
(Parks et al., 2015). Das Tool (Sieber et al., 2018) was used to select for a set of non-redundant 
genome bins generated from all five binning approaches for each of the 51 assemblies. A set of 
non-redundant genome bins from all 51 assemblies was then selected by dRep (Olm et al., 2017) 
using an average nucleotide identity (ANI) of 99%. 
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3.10.4 Metabolic analyses 
The final set of non-redundant genome bins originating from all 51 assemblies were uploaded to 
ggKbase for metabolic analysis. Metabolic pathways were identified from gene annotations 
searched by name using ggKbase. The list of genes required for the ascribing of a microbial genome 
with a metabolic pathway is described in Appendix A.5.1. 
In addition to KEGG, UniRef100 and Uniprot annotated ORFs, genes were predicted using 
HMMSEARCH to match ORF against Hidden Markov Models (HMM) built with protein sequence 
alignments from TIGRfam protein database. The construction of these HMMs are described by 
Anantharaman et al. (2016). This allowed the identification of the genes associated with major 
pathways, as well as several NiFe and FeFe hydrogenases, with a high degree of confidence. 
3.10.5 Phylogenetic analyses 
The phylogeny of genome bins was putatively assigned based on the classification of the rpS3 gene 
by UniRef100 annotation. These classifications were validated through analysis of sixteen 
recovered ribosomal genes. The 16 ribosomal protein sequences (RPL 2, 3, 4, 5, 6, 14, 15, 16, 18, 
22, and 24, and RPS 3, 8, 10, 17, and 19) were aligned using MUSCLE v3.8.31 (Edgar, 2004) and 
then concatenated to form one alignment which was trimmed using Geneious. A custom set of 16 
ribosomal proteins, as used in Hug et al. (2016), was included in a second alignment with the 
ribosomal proteins recovered in this study. Phylogenetic reconstruction of these two alignments 
were performed using FastTree and default parameters (Price et al., 2009) and viewed on iTol 
(Letunic et al., 2006). These can be viewed at https://itol.embl.de/ by viewing the shared project 
of hsstom001.  
3.10.6 Genome indices of replication  
Indices of replication (iRep; Brown et al., 2016), a measure of instantaneous genome replication 
rates, were determined for genomes recovered in this study. This method assigns an index of 
replication to a genome, based on the difference in coverage between the predicted origin of 
replication and terminus. Reads from each sample were mapped to each recovered genome within 
a sample and iRep.py (Brown et al., 2016) was used to predict the origin and terminus and assign 
an index of replication based on the difference in coverage between these two positions in the 
genome.
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4.1   Introduction 
Continuous stirred-tank reactor (CSTR) systems were selected for this study to act as a reference 
to which the well-mixed LFCRs (Chapter 5 ) and plug-flow governed UAPBRs (Chapter 6 ) could 
be compared, both in terms of performance and their microbial ecology at a range of tested HRTs.  
These reactors were chosen as they select for a suspended microbial community due to their low 
surface area to volume ratio, limiting biofilm formation. The microbial cultures which these 
reactors support are therefore vulnerable to cell washout at dilution rates which are equal to and 
greater than the maximum specific growth rate of the individual microorganism. These reactors 
are also well-suited to the collection of robust kinetic data under defined conditions. 
4.2 Lactate CSTR Results 
This section describes the performance of the lactate CSTR across the tested dilution rates applied 
to the system with a constant sulphate (1.0 g/ℓ or 10.41 mM) and lactate (1.2 g/ℓ or 13.3 mM) feed 
concentration. The cell concentrations supported by the CSTR are shown, followed by the 16S 
rRNA gene amplicon sequencing results, which describe the microbial community structure of the 
system at a phylum- and class-taxonomic levels, followed by the abundances and classification of 
the dominant OTUs in the system. 
4.2.1 Reactor performance 
The lactate CSTR achieved a sulphate conversion of 64% at a five-day HRT (0.008 h-1; Figure 4-1 
A). This decreased gradually to 52% at a 2.6-day HRT (0.016 h-1) and remained stable with 
increasing dilution rate until an HRT of 1.75 days (0.024 h-1). A linear increase in the residual 
sulphate concentration with increasing dilution rate was then observed between a 1.75- and 1.0-
day HRT (0.024-0.042 h-1) with a final sulphate conversion of 40%. The expected sulphide and 
measured sulphide concentrations differed by a maximum of 12% between a four- and one-day 
HRT (0.010-0.042 h-1).  
No residual lactate was detected within the reactor, above 10 mg/ℓ (0.11 mM) between a five- and 
1.75-day HRT (0.008-0.024 h-1; Figure 4-1 B). The residual lactate concentration then increased 
gradually with further reduction in HRT from 15 mg/ℓ (0.17 mM) at a 1.5 day-HRT (0.028 h-1), to 
26 mg/ℓ (0.29 mM) at a 1.3-day HRT (0.032 h-1) and to 47 mg/ℓ (0.52 mM) at a one-day HRT (0.042 
h-1). The utilisation of 1,153 mg/ℓ (12.80 mM) at a one-day HRT represents a lactate conversion 
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and utilisation rate of 96% and 48 mg/ℓ.h, respectively. Propionate was detected in the reactor at 
each HRT, indicating the presence of lactate fermenting microorganisms (Equation 2-12), with an 
average propionate concentration of 132 mg/ℓ (1.81 mM) between a five- and 1.5-day HRT (0.008 
- 0.028 h-1) The propionate concentration then increased to 154 mg/ℓ (2.11 mM) at a 1.3-day HRT 
(0.032 h-1) and 225 mg/ℓ (3.08 mM) at a one-day HRT (0.042 h-1) indicating a greater degree of 
lactate fermentation had taken place at these reduced HRT. This corresponds with the reduced 
sulphate conversions seen at a 1.3- and 1.0-day HRTs. The highest observed residual acetate 
concentration of 801 mg/ℓ (13.34 mM) was seen at a four-day HRT (0.010 h-1), after which it 
decreased to a minimum of 679 mg/ℓ (11.31 mM) at a 1.5-day HRT (0.028 h-1). The acetate 
concentration then increased to 718 mg/ℓ (11.96 mM)at a one-day HRT (0.042 h-1). No citrate, 
which was incorporated at 222 mg/ℓ (1.16 mM) in the reactor medium, was detected in the reactor 
at any of the tested dilution rates.  
The redox potential remained highly negative throughout the HRT study with a gradual increase 
from -172 mV at a five-day HRT to -119 mV at a one-day HRT (Figure 4-1 C), indicating that 
anaerobic conditions were maintained for the duration of the study. The pH within the reactor 
was highest at a five-day HRT at 7.5 before decreasing to 7.1 at a four-day HRT (0.010 h-1) where 
it remained stable until a one-day HRT (0.042 h-1) where the pH dropped to 6.9. 
The observed bicarbonate concentration remained stable between and including the four- and 2.3- 
day HRT (0.010-0.018 h-1) at approximately 24 mM (Figure 4-1 D). At lower HRTs, the bicarbonate 
decreased to an average of 20 mM. This decrease in production of bicarbonate from a 1.75-day 
HRT (0.024 h-1) corresponds with the reduced electron donor utilisation and reduced sulphate 
conversion seen at these shorter HRTs. 
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Figure 4-1 Steady-state kinetic data of the lactate-supplemented CSTR at a range of tested dilution 
rates, including (A) the residual sulphate, the produced sulphide and the predicted sulphide 
concentration based on the observed sulphate reduced; (B) the observed volatile fatty 
acid profile; (C) pH and redox potential (reported relative to a standard hydrogen 
electrode); and (D) the produced bicarbonate concentration calculated from the 
difference between the observed and feed bicarbonate concentrations. Error bars 
represent one standard deviation from the mean. 
 
The lactate CSTR supported 1.1 x 109 cells/mℓ at a five-day HRT (Figure 4-2). The cell 
concentration exhibited minor fluctuations between HRT but showed a stable cell concentration 
between and including the four- and 1.5-day HRT (0.010 – 0.028 h-1). The cell concentration then 
decreased at shorter HRTs, exhibiting a cell concentration of 3.2 x 108 cells/mℓ at a one-day HRT 
(0.042 h-1), representing a reduction in cell concentration of 70% between a one- and five-day 
HRT. 
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Figure 4-2 The microbial cell concentration supported by the lactate-supplemented CSTR as a 
function of applied dilution rate. Error bars represent one standard deviation from the 
mean of duplicate samples each counted in duplicate. 
 
4.2.2 Microbial ecology 
The microbial community of the lactate CSTR, at all HRTs studied, was largely made up of the 
phyla Proteobacteria, Bacteroidetes, Firmicutes, Spirochaetes and Synergistetes (Figure 4-3). A 
considerable reduction in Negativicutes, a class of Firmicutes, was seen between a five- and four-
day HRT (0.008 - 0.010 h-1) before recovering at a three-day HRT (0.014 h-1) and making up 49% 
of the community. The representation of Negativicutes was almost entirely constituted by a 
Veillonella OTU (Figure 4-4), a common lactate fermenting microorganism (Rogosa, 1963). A 
genome bin was classified as Veillonella and showed similar abundance patterns across the reactor 
samples at a four-day HRT and therefore was concluded to represent the genome of this Veillonella 
OTU. Its ability to ferment lactate was confirmed through analysis of its recovered genome 
(Chapter 8 , Metagenomics).  
The relative abundance of Deltaproteobacteria, the class to which all identified SRB in this CSTR 
belong and of which all members are SRB, was variable, between 18 and 35% between the 5- and 
3- day HRT. It decreased gradually from 39% at a 2.6-day HRT (0.016 h-1) to 14% at a one-day 
HRT (0.042 h-1). The temporary decrease in Deltaproteobacteria from 33% relative abundance at 
a four-day HRT (0.010 h-1) to 16% relative abundance at a three-day HRT (0.014 h-1) corresponded 
with the increase in the relative abundance of Firmicutes in the reactor. 
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Figure 4-3 The microbial community structure, at the phylum and class taxonomic level, of the 
lactate-supplemented CSTR as a function of applied dilution rate.  
 
The most abundant OTUs present in the lactate CSTR remain in the top six ranked OTUs, in 
terms of relative abundance, for the duration of the HRT study, with the abundance of these OTUs 
fluctuating with increasing dilution rate (Figure 4-4). The cell concentration of these OTUs were 
estimated by multiplying the relative abundance of an OTU by the total cell concentration 
determined at the time of sampling, as discussed in Section 3.9. The majority of the OTUs present 
in the lactate-supplemented CSTR at long HRTs were still present at a one-day HRT (0.042 h-1) 
but each at a reduced cell concentration (Figure 4-5). Desulfomicrobium (1) was the most abundant 
of the SRB OTUs for the duration of the study. Desulfovibrio (6) was abundant at a five- and four-
day HRT (0.008-0.010 h-1) but was largely undetected at shorter HRT, whilst a second Desulfovibrio 
OTU (39) appeared in the system at low abundances for the duration of the HRT study, increasing 
slightly at short HRT. Pustulibacterium (3), a Bacteroidetes showed marked dominance over other 
OTUs from a 2.3-day HRT (0.018 h-1). The class of Gammaproteobacteria made up almost entirely 
by Enterobacter (16), showed increased and sustained dominance in the community, too, from a 
2.6-day HRT (0.016 h-1). 
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Figure 4-4 The microbial community of the lactate CSTR shown as relative abundance (%) of the 23 
most abundant OTUs at the tested dilution rates. SRB are indicated (●). The unique 
number given to each detected OTU is shown in parentheses. 
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Figure 4-5 The microbial community structure of the ten most abundant OTUs present in the lactate-
supplemented CSTR, as a function of HRT, represented as estimated cell concentrations 
of predominant OTUs. OTU cell concentrations were calculated by multiplying the 
relative abundance (%) of each OTU by the determined total cell concentration of that 
sample (Figure 4-4). OTUs confirmed to contain genes for sulphate reduction through 
genomes-resolved metagenomics (Chapter 8 are Desulfovibrio (6 and 39) and 
Desulfomicrobium (1).   
 
4.3 Lactate CSTR Discussion 
The performance data collected from the lactate CSTR is discussed in the context of studies 
presented in the literature. The competition between lactate oxidising SRB and fermentative 
microorganisms are discussed based on a physiochemical basis, followed by the analysis of the 
microbial communities through combining the cell concentration and the 16S rRNA gene amplicon 
sequencing dataset. 
4.3.1 Achieved VSRR in the context of literature 
The volumetric sulphate reduction rate (VSRR) exhibited in the lactate supplemented CSTR is 
plotted as a function of volumetric sulphate loading rate (VSLR) in Figure 4-6 and compared to the 
results from BSR continuous stirred tank reactor studies presented by White and Gadd (1996),  
Dar et al. (2008) and Oyekola et al. (2010). In the lactate CSTR described in this thesis, a sulphate 
conversion of 55% was maintained between a five- and 1.75-day HRT, corresponding to a dilution 
rate of 0.008 - 0.024 h-1 and a VSLR of 8 to 24 mg/ℓ.h and a VSRR of 5.3 to 12.6 mg/ℓ.h.  On further 
reduction of the HRT, a gradual reduction in sulphate conversion between a 1,5- and one-day 
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HRT (0.028 - 0.042 h-1) was observed, with a 40% conversion at a one-day HRT. The highest VSRR 
of 17 mg/ℓ.h was seen at a one-day HRT, corresponding to a VSLR of 42 mg/ℓ.h. 
Oyekola et al. (2010) evaluated a mixed SRB culture using the same reactors and similar operating 
conditions, namely 35°C operating temperature, Postgate B medium supplemented with 1 g/ℓ 
(10.41 mM) SO42- and 2.25 g/ℓ (25 mM) lactate. Oyekola et al. (2010) demonstrated an 80% 
sulphate conversion with the higher lactate concentration before the VSRR began to plateau with 
increasing VSLR between a 24- and 12-hour HRT (0.041 - 0.082 h-1), exhibiting a sulphate 
conversion and maximum VSRR of 50% and 41.4 mg/ℓ.h, respectively. The difference in sulphate 
conversion between these two studies is accounted for by the nearly two-fold difference in 
supplied lactate concentrations. The VSRR exhibited by the lactate CSTR of this study begins to 
plateau earlier, between a 1,5- and 1,3-day HRT (0.028 - 0.032 h-1). This is attributed to the lower 
growth rates supported on the reduced lactate concentration compared to Oyekola et al. (2012).  
Dar et al. (2008) observed near complete sulphate reduction at a two-day HRT on feeding 1.8 g/ℓ 
(20 mM) lactate and 0.9 g/ℓ (9.4 mM) sulphate (Figure 4-6). This was achieved through the 
inoculation of the system with sludge from a wastewater treatment plant treating lactate containing 
wastewater. The biomass concentration would therefore not represent steady-state conditions as 
it would continuously decrease as a result of cell washout. This does, however, indicate that 
complete sulphate conversion, of 0.9 g/ℓ sulphate and a lactate concentration similar to that used 
by Oyekola et al (2010), can be achieved with sufficient, SRB-enriched, biomass accumulation. 
White and Gadd (1996) modelled data from a continuous stirred tank reactor which was operated 
with feed lactate concentrations ranging between 3.6 and 78 mM (0.32 – 7.02 g/ℓ ) at varied applied 
dilution rates between 0.01 h-1 to 0.08 h-1. These modelled results are similar to those of this study 
in terms of achieved VSRR at the tested VSLRs, exhibiting VSRRs of 7.3 and 17.1 mg/ℓ.h at VSLRs 
of 8.4 and 26 mg/ℓ.h, respectively (Figure 4-6). Their results also indicate a greater degree of lactate 
fermentation (not shown) over SRB-linked oxidation at higher lactate concentrations, in 
accordance with Oyekola et al. (2012). 
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Figure 4-6 The volumetric sulphate reduction rate (VSRR) achieved by the lactate-supplemented 
CSTR of this study  (1.2 g/L lactate, 1 g/L sulphate, 30 °C) compared to the sulphate 
reducing, lactate-supplemented systems of Oyekola et al. (2010; 2.4 g/L lactate, 1.0 g/L 
sulphate, 35 °C), Dar et al. (2008; sludge inoculum; 0.9 g/L sulphate, 1.8 g/L lactate)  and, 
White and Gadd (1996; modelled kinetic data, 20°C, 1.2 g/L sulphate, 0.9 g/L lactate) at 
varied volumetric sulphate loading rates, varied through the reduction in the hydraulic 
retention time applied to the systems. 
 
4.3.2 Sulphate reduction is linked to the oxidation of lactate and small quantities of 
additional electron donors 
Between the five and 1.5-day HRT (0.008 - 0.028 h-1) approximately 80% of the 13.6 mM lactate 
supplied in the reactor feed is estimated to have been used via incomplete or complete oxidation 
by SRB (Equation 2-10 and Equation 2-11), with the remaining 20% metabolised via fermentation 
(Equation 2-12, Figure 4-7). The proportion of lactate used by SRB decreased to 72% at a 1.3-day 
HRT (0.032 h-1) and 62% at a one-day HRT. This coincided with a reduction in the sulphate 
conversion and an increased proportion of lactate fermentation over this period (Figure 4-7). 
The sulphate conversion exhibited at a five-, four- and three-day HRT (0.008-0.014 h-1) was greater 
than that expected from the oxidation of the available lactate via incomplete lactate oxidation by 
SRB (Equation 2-10). The amount of lactate available for sulphate reduction was calculated based 
on the assumption that all propionate produced originated from lactate fermentation (Equation 
2- 12), and that no propionate was subsequently oxidised. The validity of these assumptions are 
addressed below.  
 
Chapter 4  Continuous stirred tank reactors   
73 
 
 
Figure 4-7 The concentration of lactate undergoing lactate fermentation (Equation 2-12) calculated 
from the observed propionate concentration; undergoing incomplete lactate oxidation by 
SRB (Equation 2-10) calculated from the observed sulphate reduction but allowing to 
exceed the feed lactate concentration of 13.6 mM, residual lactate remaining in the reactor 
and the theoretical concentration of lactate required to allow for degree of sulphate 
conversion observed at each tested dilution rate. 
 
With these assumptions, all lactate can be accounted for, within 5% (of 13.6 mM feed lactate) 
between a 2,66- and a one-day HRT (0.016-0.042 h-1) based on the produced propionate and 
residual sulphate concentrations. However, at longer HRT (0.008 - 0.014 h-1), the quantity of 
lactate estimated to have been oxidised by SRB, using incomplete oxidation, does not account for 
the observed degree of sulphate reduced at these steady-states. Between the 5- and 3-day HRTs 
(0.008 - 0.014 h-1), the sulphate conversion averaged 60%, whereas the average conversion 
between 2.66- and 1.75-days was 53%. This additional sulphate reduction which was not linked to 
lactate oxidation indicates some complete lactate oxidation, the oxidation of the produced acetate 
(lined area, Figure 4-7). The difference between the sulphate linked to lactate oxidation and total 
sulphate reduced would correspond with approximately 1 mM of oxidised acetate. Agreement 
between the observed and predicted acetate concentrations in this reactor systems are addressed 
throughout the following sections.  
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4.3.3 Genomic potential for citrate oxidation by SRB  
Citrate was included in the reactor medium at 1.16 mM and was not detectable at any tested HRT 
in this reactor. A number of SRB within this reactor had the genetic potential to oxidise acetate 
(Chapter 8 , Metagenomics) and therefore there is a strong possibility that the additional sulphate 
reduction observed, or a proportion of, is linked to acetate oxidation. Only one of the SRB had 
the operon required for citrate uptake and fermentation. This Desulfovibrio (OTU 6; Figure 4-4; 
Section 4.2.2) was matched to the genome bin 
BSR_Ace_C_na_Desulfovibrio_desulfuricans_58_43 (Chapter 8 , Metagenomics), based on 
ascribed taxonomy and relative abundance across 16 samples. This genome contained the genes 
for citrate lyase which catalyses the conversion of citrate to oxaloacetate; a trans-membrane 
citrate transporter and a GntR family transcriptional regulator which is likely the transcriptional 
regulator (citO) of this operon (Blancato et al., 2008). The presence of this operon provides 
evidence that this Desulfovibrio is capable of citrate oxidation as an electron donor for sulphate 
reduction. However, this Desulfovibrio experienced a considerable reduction in relative abundance 
between a four- and three-day HRT (0.010 - 0.014 h-1). The maintained ‘complete lactate 
oxidation’ at a three-day HRT indicates that it is unlikely that the sulphate reduction observed at 
these longer HRT was linked to citrate oxidation. 
4.3.4 Exploiting differing stoichiometry of SRB-linked lactate oxidation and lactate 
fermentation 
The competition between lactate oxidising SRB and lactate fermentative microorganisms was 
effectively evaluated by Oyekola et al. (2009) by taking advantage of the differing stoichiometry of 
the products and reactants of lactate oxidation by these two groups of microorganisms (Equation 
2-10 and Equation 2-12). Instead of using these ratios to quantify the competition between these 
groups, the following section will assume that the degree of lactate fermentation estimated from 
the amount of propionate produced is correct along with associated assumptions (Section 4.3.2). 
The observed molar ratios of products and reactants are used to validate these assumptions. 
Lactate oxidised: sulphate reduced 
Incomplete lactate oxidation by SRB (Equation 2-10) consumes two moles of lactate per mole of 
sulphate reduced. The total quantity of lactate oxidised per mole of sulphate reduced across HRT 
is shown in Figure 4-8 (red circles). At a five-day HRT (0.008 h-1) this ratio is equal to two and 
would suggest all lactate supplied in the reactor feed was oxidised incompletely by SRB. However, 
residual propionate at this HRT indicates 2.27 mM of lactate was oxidised via fermentation. As 
described in Section 4.3.2, increased sulphate conversion seen between a five- and three- day HRT, 
compared to subsequent HRT, is presumed to be linked to acetate utilisation. The ratio of lactate 
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oxidised to sulphate reduced increased to 2.41 between a 2.66- and a 1.5-day HRT (0.016 and 
0.028 h-1).  
The concentration of lactate available for sulphate reduction (lactate provided in the medium 
minus lactate fermented), divided by the amount of sulphate reduced is plotted in Figure 4-8 (green 
circle). Between the 2.66- and 1.0- day HRTs, this ratio is approximately 2.0 in accordance with 
Equation 2-10. However, this ratio is approximately 1.7 between a five- and three-day HRT (0.008-
0.014 h-1). This indicates either a mixture of complete and incomplete lactate oxidation by SRB or 
incomplete lactate oxidation and the oxidation of a different electron donor linked to sulphate 
reduction at these longer HRT. The increasing ratio of observed lactate oxidised per sulphate 
reduced reflects the increased proportion of lactate used by fermentative microorganisms. 
 
Figure 4-8 The predicted and observed steady-state molar ratios of products and reactants arising 
from lactate oxidation by SRB (Equation 2-10) and lactate fermentation (Equation 2-12). 
The lactate predicted to have been oxidised by SRB was calculated by subtracting the 
lactate oxidised by fermentation (Figure 4-7) from the feed lactate concentration (13.6 
mM) and confirming through the observed sulphate reduced according to Equation 2-12. 
The observed lactate oxidised was calculated by subtracting the residual lactate in the 
reactor from the inlet lactate feed concentration. The predicted acetate produced was 
calculated according to the degree of lactate oxidation by SRB and fermenters (Equation 
2-10 and Equation 2-12) shown in Figure 4-7. The theoretical ratio of ‘lactate oxidised to 
sulphate reduced’ arising from complete and incomplete lactate oxidation by SRB are 
plotted. 
Lactate oxidised / acetate produced 
The fermentation of lactate and the incomplete oxidation of lactate by SRB generates differing 
amounts of acetate per mole of lactate. The acetate concentration, given the estimated degree of 
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fermentation and incomplete oxidation, was predicted and compared to the observed acetate 
concentration to validate the assumptions made in Section 4.3.2.  
One mole of acetate is produced from the oxidation of one mole of lactate through incomplete 
lactate oxidation by SRB (Equation 2-10), whereas a single mole of acetate is produced from the 
fermentation of three moles of lactate (Equation 2-12). The ratio of acetate produced: lactate 
oxidised is shown in Figure 4-8. A predicted acetate concentration, based on the degree of lactate 
fermentation and SRB-linked lactate oxidation, is plotted alongside. The observed ratio lies 
between 1.02 – 1.19 for the duration of the HRT study and corresponds well with predicted 
values. An observed ratio greater than that predicted would have indicated further acetate 
consumption. The observed and predicted acetate concentration, based on the lactate reactions 
shown in Figure 4-7 are shown below in Figure 4-9. It is demonstrated in Section 4.4.2 that the 
oxidation of yeast extract contributes to some acetate generation. The agreement between the 
predicted and observed acetate concentrations, for the majority of this study, indicates that 
minimal yeast extract oxidation was occurring in the lactate-supplemented CSTR during this study. 
 
Figure 4-9 The observed and predicted acetate concentration in the lactate-supplemented CSTR at 
a range of applied dilution rates which correspond to HRT between four- and one-day 
HRTs. Acetate predictions were calculated according to the generation of acetate from 
lactate oxidation reactions including fermentation and complete and incomplete lactate 
oxidation by SRB, as shown and estimated in Figure 4-7. A second acetate concentration 
was predicted, ‘predicted (yeast extract)’, which also considered the generation of 4.54 
mM of acetate from the oxidation of yeast extract as demonstrated in the Acetate CSTR 
and described in Section 4.4.2. Error bars represent one standard deviation from the 
mean. 
Lactate oxidised / bicarbonate produced 
Lactate fermentation generates a mole of bicarbonate and carbon dioxide per three moles of 
lactate consumed. Therefore, a ‘lactate utilised’ to ‘bicarbonate produced’ ratio of three would 
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indicate all lactate was oxidised via fermentation (Equation 2-12), whilst a ratio of one indicates all 
lactate oxidisation via incomplete oxidation by SRB (Equation 2-10). This assumes no other 
reactions, such as citrate and yeast extract oxidation, contribute to the formation of bicarbonate. 
These observed and expected ratios, given the quantified lactate fermentation and oxidation, are 
plotted in Figure 4-10. The observed ratio was approximately a third that of the expected, which 
lies at approximately 1.5, indicating that the concentration of bicarbonate in the reactor was far 
higher than expected and reactions other than those described by Equation 2-10 and Equation 2-
12 are taking place to produce this bicarbonate. This has already been demonstrated by the 
sulphate reduction being coupled to complete lactate oxidation or citrate oxidation (Figure 4-7 
and Figure 4-8) and that yeast extract (Section 4.4.2) and citrate oxidation had been confirmed. 
Complete oxidation of citrate would yield 6.9 mM bicarbonate. The expected ratio, incorporating 
complete oxidation of citrate better accounts for the reduced ratio of observed lactate oxidation 
to bicarbonate produced.  
 
 
Figure 4-10  The observed and predicted steady-state molar ratios of “lactate oxidised” to 
“bicarbonate produced”. The predicted amount of bicarbonate produced was predicted 
according to the degree of lactate undergoing lactate fermentation (Equation 2-12) and 
incomplete oxidation (Equation 2-10; Figure 4-7) and, in a second predicted, assuming 
complete citrate oxidation. Theoretical lactate oxidised: bicarbonate produced are plotted 
according to incomplete lactate oxidation (Equation 2-10; dotted line) and complete 
lactate fermentation (Equation 2-12; dashed line) assuming no other reactions contribute 
to the production of bicarbonate in this system. 
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4.3.5 Sulphate reduction and the proportion SRB in the CSTR communty 
The calculated cell concentrations of SRB was at a maximum at a five-day HRT and represented 
40% of the microbial community (Figure 4-11). The cell concentrations of SRB remained stable 
between a four- and 1.5-day HRT (0.010 - 0.028 h-1). The SRB cell concentration then decreases 
between a 1.5- and 1.3-day HRT (0.028 - 0.032 h-1), and again between a 1.3- and one-day HRT 
(0.032 - 0.042 h-1). The ratio of Desulfomicrobium (1) to remaining SRB was 5:1 at a two-day HRT 
(0.021 h-1) and decreased to 1.7:1 at one day HRT, with a difference in sulphate conversion of just 
0.14. This indicates that the ‘remaining SRB’ consume more sulphate per unit biomass than the 
dominant Desulfomicrobium (1) OTU. Therefore, the contribution to overall sulphate reduction of 
these lower abundance SRB OTUs is likely not reflected in their abundance within the community. 
 
Figure 4-11 The estimated cell concentrations of the SRB OTU Desulfomicrobium (1), the remaining 
SRB OTUs and OTUs shown to not possess the capacity for sulphate reduction (Chapter 
8, Metagenomics) at all tested dilution rates. The estimated cell concentrations were 
calculated by multiplying the relative abundance of an OTU by the determined total cell 
concentration within a sample. The sulphate conversion observed at steady-state at these 
dilution rates are plotted alongside. 
The decrease in the cell concentrations of Deltaproteobacteria, the class to which all SRB 
identified within this system were classified, between a four- and three-day HRT (0.010 - 0.014 h-
1) coincides with a substantial increase in the cell concentration of the Veillonella (11) OTU (Figure 
4-4). During this period the total cell concentration supported within the CSTR remained constant 
and the sulphate conversion improved.  
The phylum Firmicutes, to which Veillonella (11) is classified, contain some of the highest recorded 
16S rRNA gene copy numbers (Baldrian 2013). Baldrian (2013) reviewed 395 Firmicute genomes 
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and found an average of 5.8 16S rRNA gene copies per genome, whereas the average 
Deltaproteobacteria copy number, from 43 reviewed genomes, was 2.7. This may account for the 
apparent decrease in Deltaproteobacteria at a three-day HRT (0.014 h-1) during a relatively stable 
period. This decrease may instead be an overestimation of the proportion of the community made 
up by Veillonella. This would account for an outlier of Deltaproteobacteria cell concentration in an 
otherwise relatively stable period of performance and community structure. Should this be 
accurate, the cell concentrations of other OTUs, including Deltaproteobacteria at a five-day HRT 
(0.008 h-1), would also be underestimated due to the apparent dominance of Veillonella (11) at this 
HRT.  
The calculated cell concentrations of the OTUs in this system were adjusted using the 16S rRNA 
gene copy number by phyla according to Baldrian (2013; Figure 4-12 B). Comparison between the 
calculated cell concentrations of OTUs assuming uniform and varied 16S rRNA gene copy number 
demonstrated that the microbial community structure of the lactate CSTR is largely unaffected by 
fluctuations in most phyla, excluding Firmicutes. Where Firmicutes were abundant, the cell 
concentrations of OTUs belonging to other phyla may be underestimated. 
 
Figure 4-12 The estimated cell concentrations of the most dominant OTUs in the lactate CSTR at 
each tested dilution rate, assuming 16S rRNA gene copy numbers are (A) uniform across 
all identified microorganisms or (B) varied by phyla as described by Baldrian (2013). Largest 
variations between the two assumed copy numbers distributions occurred when 
Firmicutes (Veillonella (11), red) were abundant. 
 
4.3.6 Low but stable SRB diversity maintained  with increasing dilution rate 
The most abundant OTUs in the lactate-supplemented CSTR were largely maintained at each 
HRT, with the majority of these OTUs persisting at the final one-day HRT (0.042 h-1; Figure 4-13). 
Two exceptions to this are Spirochaeta (22) and Proteiniphillum (24) which were present from a 
five-day HRT (0.008 h-1) but not detectable at a one-day (0.042 h-1) and a 1.3-day HRT (0.032 h-
1), respectively. The presence of the majority of the predominant OTUs at each tested dilution 
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rate indicates that the resulting microbial community structure is largely a result of competition 
between all these microorganisms and that each of these microorganisms have a maximal growth 
rate greater than all tested dilution rates.  
 
Figure 4-13  Rank abundance curves showing the estimated cell concentration of the 21 most abundant 
OTUs in the lactate-supplemented CSTR over the course of the HRT study. The dilution 
rate of each rank abundance curve is shown in the legend. OTU identified as SRB are 
indicated (●). 
 
4.4 Acetate CSTR Results 
The following sections describe the performance of the acetate CSTR across the tested dilution 
rates applied to the system with a constant sulphate (1.0 g/ℓ or 10.41 mM) and acetate (0.72 g/ℓ / 
12.2 mM) concentration. The cell concentrations supported by the CSTR are shown, followed by 
the 16S rRNA amplicon sequencing results which describe the microbial community structure of 
the system at phylum- and class- taxonomic levels followed by the abundances and classification 
of the dominant OTUs in the reactor system. 
 
4.4.1 Reactor performance 
The acetate CSTR maintained a sulphate conversion (Figure 4-14 A) of 37% at a five-day HRT 
(0.008 h-1). This conversion gradually improved with increasing dilution rate until a 51% sulphate 
conversion was achieved at a 2.3-day HRT (0.018 h-1). The sulphate conversion then gradually 
decreased from a 2.3-day HRT until a 1.3-day HRT was reached (0.032 h-1) where the conversion 
had decreased to 25%. With further reduction in HRT, to one-day (0.042 h-1), the conversion 
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remained consistent at 23%. The expected sulphide concentration, from the determined sulphate 
reduced, had an average of 5% difference with the measured sulphide concentration. 
 
  
Figure 4-14 Steady-state kinetic data of the acetate-supplemented CSTR at a range of tested dilution 
rates, including (A) the residual sulphate, the produced sulphide and the predicted sulphide 
concentration based on the observed sulphate reduced; (B) the observed volatile fatty 
acid profile; (C) pH and redox potential (reported relative to a standard hydrogen 
electrode); and (D) the produced bicarbonate concentration calculated from the 
difference between the observed and feed bicarbonate concentrations. 
 
The VFA profile (Figure 4-14 B) showed similar trends to that seen in the concentration of 
sulphate. The observed acetate concentration at a five-day HRT (0.008 h-1) was 723 mg/ℓ 
(12.04 mM). An overall gradual decrease in the acetate concentration between a five- and 1.75-
day HRT (0.008-0.024 h-1) was observed. The acetate concentration then increased linearly with 
increasing dilution rate until a maximum observed concentration of 904 mg/ℓ (15.05 mM) was seen 
at a one-day HRT (0.042 h-1). Citrate, incorporated in the reactor feed, was not detected in the 
reactor at any HRT. Low concentrations of propionate were detected, with an average 
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concentration of 12 mg/ℓ (0.16 mM) and a maximum of 23 mg/ℓ (0.31 mM) observed at a one-day 
HRT (0.042 h-1).  
The redox potential (Figure 4-14 C) within the reactor was highly negative, below -120 mV for 
the duration of the study indicating a highly anaerobic environment was maintained. Neutral 
conditions also persisted with a pH of 7.7 at a five-day HRT (0.008 h-1) and decreased gradually 
with increasing dilution rate to 7.2 at a one-day HRT (0.042 h-1). 
The concentration of bicarbonate (Figure 4-14 D) decreased linearly with increasing dilution rate 
from 13 mM at a five-day HRT (0.008 h-1) to 6 mM at a 1.3-day HRT (0.032 h-1), before increasing 
to 8 mM at a one-day HRT (0.042 h-1). 
The acetate CSTR supported approximately 2.4 x 108 cells/mℓ at a five-day HRT (0.008 h-1; Figure 
4-15). The supported cell concentration showed an undulating increase with increasing dilution 
rate, reaching a maximum of 4.6 x 108 cells/mℓ at a 1.3-day HRT (0.032 h-1). 
 
Figure 4-15 The microbial cell concentration supported by the acetate-supplemented CSTR at each 
tested dilution rate determined through direct cell counting. Error bars represent one 
standard deviation from the mean of duplicate samples each counted in duplicate.  
 
4.4.2 Contribution of yeast extract to acetate generation 
The acetate CSTR was operated at a five-day HRT for an extended period, prior to the start of 
the HRT study. It was observed, over a period defined as steady-state, that the residual acetate 
concentration was approximately 1200 mg/ℓ (21 mM; Figure 4-16). This was far greater than 
expected given acetate was included in the reactor medium at 720 mg/ℓ (15.6 mM), and the reactor 
was achieving a sulphate conversion of 46%, therefore, acetate was also being consumed. 
Subsequently, the yeast extract concentration in the medium was reduced from 1.0 to 0.4 g/ℓ. This 
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resulted in the residual acetate concentration in the reactor decreasing from 1200 to 770 mg/ℓ 
(13.2 mM). The generation of acetate per gram of yeast extract was estimated based on the 
observation that removing 0.6 g/ℓ yeast extract in the reactor medium resulted in the reduction 
in acetate concentration by 520 mg/ℓ (8.66 mM). Several assumptions were made with these 
calculations: all sulphate reduction was solely linked to acetate oxidation; 0.4 g/ℓ yeast extract was 
not growth-limiting; and all yeast extract was oxidised to acetate in this reactor at this five-day 
HRT (0.008 h-1). The sulphate conversion decreased from 46 to 37% and the difference in degree 
of assumed sulphate linked acetate oxidation was considered. This allowed the approximate 
concentration of acetate generated from the 0.4 g/ℓ yeast extract which was incorporated in the 
feed to be estimated to be 268 mg/ℓ (4.54 mM) or 0.67 g acetate per 1 g of yeast extract. 
Yeast extract was included in the reactor medium as a source of vitamins, trace metals and amino 
acids. Although not incorporated to act as an electron donor, yeast extract has been shown to be 
an effective electron donor for sulphate reduction (Sáez- Navarrete et al., 2009). However, the 
gradual increase in the residual sulphate of only 90 mg/ℓ (0.94 mM), when the yeast extract 
concentration was reduced by 60% indicates that this is not the primary electron donor for 
sulphate reduction. Instead, it is more likely that SRB benefit indirectly, consuming the products 
of yeast extract oxidation performed by other microorganisms. 
 
 
Figure 4-16 The steady-state residual (A) acetate and (B) sulphate concentration in the acetate-
supplemented CSTR, at a five-day HRT, following the reduction in the yeast extract 
concentration, supplemented in the feed, from 1.0 to 0.4 g/ℓ. The data are displayed as 
boxplots showing the interquartile ranges of each reading during the defined steady-state 
period. The mean acetate and sulphate concentrations are shown as a cross. 
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4.4.3 Microbial ecology  
The acetate CSTR microbial community (Figure 4-17), for the duration of the HRT study, was 
largely made up of the phyla Proteobacteria, Bacteroidetes, Synergistetes and Spirochaetes. 
Verrumicrobia were in high abundance at four- and three-day HRT (0.010 and 0.014 h-1), before 
decreasing in abundance with increasing dilution rate. Spirochaetes showed considerable change 
in abundance throughout the study, appearing at 4% relative abundance at a five-day HRT, before 
increasing to 48% at a 1.5-day HRT (0.028 h-1) and maintaining this dominance at a one-day HRT 
(0.042 h-1). Bacteroidetes showed the inverse trend, decreasing in abundance with shortening 
HRT. All OTUs classified as Deltaproteobacteria were identified as SRB. In addition to the SRB 
classified as Deltaproteobacteria, a Desulfitobacterium (222), belonging to the phylum Firmicutes, 
was also found at low relative abundances in this reactor throughout the HRT study. The 
proportion of the community which was represented by SRB changed intermittently with 
increasing dilution rate, making up a maximum of 14% and a minimum of 3% over the HRT study. 
 
 
Figure 4-17  The relative abundance of the classes and phyla identified in the acetate supplemented 
CSTR microbial community at a range of tested dilution rates, determined by 16S rRNA 
gene amplicon sequencing. Phyla are shown in parentheses.  
 
The community structure of the acetate CSTR at the OTU level (Figure 4-18) showed that 
members which were dominant at longer HRT were outcompeted by lower abundant OTUs at 
shorter HRT. Most notably, a Spirochaetes, Sphaerochaeta (22), was present at low cell 
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concentrations at a five-day HRT (0.008 h-1) but became the most dominant organism in the 
reactor from a 1.5-day HRT (0.028 h-1). Inversely Verrumicrobia (67), was the most dominant 
organism in the reactor at a four-day HRT (0.010 h-1) but decreased in cell concentration at 
subsequent shorter HRT. Two SRB were detected in this reactor above 1% relative abundance, 
namely Desulfomicrobium (1) and Desulfovibrio (6). The Desulfovibrio was the dominant SRB in the 
reactor at a five-day HRT (0.008 h-1) but was observed to be washed out of the reactor between 
a four- and three-day HRT (0.010 and 0.014 h-1, respectively). Inversely the Desulfomicrobium 
increased from low abundance at a five- and four-day HRT to become the dominant SRB in the 
system from a three-day HRT (0.014 h-1). 
 
Figure 4-18 Rank abundance curves of the estimated cell concentrations of the dominant OTUs 
present in the acetate supplemented CSTR, determined by 16S rRNA gene amplicon 
sequencing at a range of dilution rates. Tested dilution rates are shown in the legend. OTU 
reference numbers are shown in parentheses. Sulphate-reducing bacteria are indicated 
(●). 
 
In addition to the two dominant SRB, namely Desulfovibrio (6) and Desulfomicrobium (1), several 
lower abundant SRB were also detected in the reactor (Figure 4-19). Collectively these 
microorganisms showed the greatest abundance between a three- and two-day HRT (0.014 – 
0.021 h-1) and show a marked reduction at a 1.5- through to a one-day HRT (0.028 – 0.042 h-1). 
The most prominent of these low abundance SRB, which exhibited washout between the 
described HRT, are Desulfovibrio (108), Desulfitobacterium (222), Desulfobacter (18) and 
Desulfobulbus (58). 
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Figure 4-19 The relative abundance of the OTUs identified as SRB in the acetate-supplemented CSTR 
which appear in this system (A) at greater than 1% compared to the summed remaining 
SRB OTUs, and (B) SRB OTUs which appear at less than 1%, as a function of dilution rate. 
 
4.5 Acetate CSTR Discussion 
The following sections discuss the performance exhibited by the acetate CSTR compared with 
similar studies presented in the literature. The exhibited sulphate reduction is overlaid with the 
VFA profile. The resulting microbial communities cell concentrations and the 16S rRNA gene 
sequencing results are subsequently discussed. 
4.5.1 Achieved VSRR and literature context 
The VSRR performance of the acetate CSTR (Figure 4-20 A) can be described as three sequential 
phases. Between a five- and 2.6-day HRT (0.008 - 0.016 h-1), the VSRR increases linearly with 
increasing VSLR, with an average sulphate conversion of 40%. The sulphate conversion then 
abruptly increases to 51% at a 2.3-day HRT (0.018 h-1), corresponding to a VSRR of 9.1 mg/ℓ.h, 
increasing from 6.2 mg/ℓ.h at a 2.6-day HRT (0.016 h-1). The exhibited VSRR plateaus from a 2.3-
day HRT to a 1.5-day HRT, with the VSRR increasing with smaller increments between each 
subsequent HRT. A substantial reduction in the VSRR was then observed between a 1.5- and 1.3-
day HRT (0.028 - 0.032 h-1) decreasing from 10.8 to 8.1 mg/ℓ.h. The VSRR of 8.1 mg/ℓ.h 
corresponded to a sulphate conversion of 25%. This conversion remained relatively stable at a 
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one-day HRT (0.042 h-1). The reduction in the VSRR from a 1.5- to 1.3-day HRT (0.028 - 0.032 h-
1) corresponded with the washout of a number of low-abundance SRB described in Section 4.4.3. 
Moosa et al. (2002) presented the results from a similarly operated acetate supplemented CSTR, 
differing in operating temperature (35°C) and media composition but with 1 g/ℓ sulphate and 2.5 
g/ℓ sodium acetate. This reactor exhibited considerably different performance (Figure 4-20 A). A 
constant VSRR was achieved between a five- and 3.7-day HRT (0.008 - 0.011 h-1), corresponding 
to a decrease in sulphate conversion from 88 to 66%. The VSRR decreased with each further 
reduction of the HRT with eventual abolishment of sulphate reduction between a 2.5- and two-
day HRT (0.017 - 0.021 h-1).  
The growth of a number of acetate-oxidising SRB described by O’Flaherty et al. (1998), and a 
mixed microbial sulphate reducing culture described by Vavilin et al. (1994), were modelled using 
the reported kinetic constants (KS for sulphate; μmax), as steady-state cultures operated under 
conditions used in this study (dilution rates of 0.008 - 0.042 h-1; 1 g/ℓ sulphate; excess acetate) as 
described in Section 3.7.2 (Figure 4-20 B). The Deltaproteobacteria Desulfuromonas acetoxidans 
was one example, described by Flaherty (1998), of an acetate-oxidising SRB which would be 
capable of maintaining growth, and therefore sulphate reducing performance at HRT shorter than 
one-day (0.042 h-1) under the operating conditions employed in this study. Whereas Desulfobacter 
postgatei and Desulfonema magnum would have experienced washout at an HRT of 1.1 days (0.037 
h-1) and 2.4 days (0.017 h-1) respectively. The SRB within the mixed microbial community described 
by Vavilin et al. (1994) would theoretically have experienced washout at a 1.6-day HRT (0.026 h-
1). These examples demonstrate that it is feasible that some SRB may be able to sustain growth 
rates up to 0.042 h-1 using acetate as a sole electron donor but this is not common.  
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Figure 4-20  Steady-state VSRR achieved by the acetate-supplemented CSTR of this study, at a range 
of tested dilution rates, (A) plotted against the applied VSLR and alongside the VSRR 
achieved by the similarly operated CSTR reported by Moosa et al. (2002) (1 g/ℓ  sulphate, 
2.5 g/ℓ acetate and 35°C) with theoretical sulphate conversions plotted, and (B) the 
modelled fraction (Section 3.7.2) of a starting cell concentration of a range of acetate-
oxidising SRB (Flaherty et al., 1998) and the mixed SRB community described by Vavilin 
et al. (1994) over the same dilution rates and experimental conditions used in this study. 
 
The contrasting performance of the CSTR operated in this study and that of Moosa et al. (2002) 
(Figure 4-20 A) may simply be the result of differing SRB ecology between the two systems. 
However, the major difference in operation of the CSTRs between these two studies is the 
supplementation of yeast extract in this study. Yeast extract was concluded to not be a direct 
substrate for sulphate reduction in Section 4.4.2, due to the stability in sulphate reducing 
performance immediately following the reduction in the yeast extract concentration from 1.0 to 
0.4 g/ℓ. The constituents of yeast extract may not be directly linked to sulphate reduction, instead, 
the breakdown of these constituents is hypothesised to provide an indirect, supplementary, 
electron donor for sulphate reduction in the form of hydrogen. Substantial evidence for this theory 
is provided through genome-resolved metagenomics of this CSTR community. This is expanded 
in Section 4.5.4 of this chapter and Section 8.11 of Chapter 8, Metagenomics. 
 
4.5.2 Sulphate reduction is linked to acetate oxidation 
The residual acetate concentration in the acetate-supplemented CSTR is plotted below, alongside 
three different predicted acetate concentrations (Figure 4-21). These predictions are made 
assuming all sulphate reduced was linked to acetate oxidation as described by Equation 2-7. The 
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feed acetate concentration was 12.2 mM and therefore the reduction of approximately 4 mM of 
sulphate, at a five-day HRT (0.008 h-1), is predicted to correspond to a residual acetate 
concertation of 8.2 mM. However, as discussed in Section 4.4.2, the inclusion and oxidation of 
yeast extract in the reactor medium led to the generation of approximately 4.6 mM of acetate. 
This is included in the second predicted acetate concentration and is largely in agreement with the 
observed residual acetate concentration. The similar trend across the tested dilution rates 
between the predicted and observed residual acetate concentrations provides evidence that 
supports the assumption that the observed sulphate reduction is linked to acetate oxidation, and 
the oxidation of yeast extract to acetate is performed by a second group of microorganisms. A 
third acetate concentration was predicted which, in addition to the feed and yeast extract derived 
acetate, accounted for the theoretical amount of acetate which could have arisen from the 
complete oxidation of the 1.16 mM of citrate in the reactor medium. This represents a theoretical 
maximum and any observed acetate concentration above this prediction would disprove the 
assumption that all sulphate reduced is linked to acetate oxidation. This predicted residual acetate 
concentration is greater than the observed at every tested dilution rate. This indicates that citrate 
was oxidised completely at most HRT.  
 
Figure 4-21 The observed and predicted acetate concentration within the acetate-supplemented 
CSTR at a range of tested dilution rates. The predicted acetate concentrations are 
determined by subtracting the theoretical amount of acetate oxidised by SRB according 
to Equation 2-7, from the sum of the amount of acetate supplied in the feed, arising from 
yeast extract oxidation (Section 4.4.2) and from the theoretical maximum concentration 
of acetate arising from the oxidation of citrate. Error bars represent one standard 
deviation from the mean (n>4). 
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4.5.3 Enhanced sulphate reduction linked to low-abundance acetate-oxidising SRB 
The two most dominant SRB OTUs, namely Desulfovibrio (6) and Desulfomicrobium (1), show the 
greatest cell concentrations at a four- and 1.3-day HRT (0.010 and 0.032 h-1), respectively (Figure 
4-22 A). The cell concentration of Desulfovibrio (6) decreased by nearly 100-fold between a four-
and three-day HRT (0.010 - 0.014 h-1), after which Desulfomicrobium (1) became the dominant SRB 
OTU in the system. However, the combined cell concentrations of the lower abundance SRB 
OTUs increased from a five-day HRT (0.008 h-1) and collectively become greater than that of 
Desulfomicrobium (1) at a 2.6-day HRT (0.016 h-1). The concentration of residual acetate in the 
CSTR decreased between a four- and two-day HRT (0.008 - 0.021 h-1), from 13.6 to 12.0 mM, 
respectively (Figure 4-22 A). The increased apparent acetate oxidation and the improved sulphate 
conversion seen between a four- and 1.5-day HRT (0.010 - 0.028 h-1; Figure 4-22 B) corresponds 
with increased cell concentration of these low-abundance SRB. The cell concentration of 
Desulfomicrobium (1) and the sum of the lower abundance SRB OTUs inversely oscillate between 
a three- and 1.5-day HRT (0.010 - 0.028 h-1) - a strong indication of competition between these 
two groups for one or more substrates. From a 1.75-day HRT (0.024 h-1), the acetate 
concentration increased linearly to a maximum observed concentration of 15.31 mM at a one-day 
HRT (0.042 h-1) and corresponds with the reduced sulphate conversion over these HRT and the 
reduction in cell concentration of low-abundance SRB OTUs. 
The greater cell concentrations of Desulfovibrio (6) at a four-day HRT (0.010 h-1) and 
Desulfomicrobium (1) at a 1.3- to 1.0-day HRT (0.032 - 0.042 h-1), with the lowest observed sulphate 
conversions (Figure 4-22 B), indicate that these high-abundance SRB have a higher biomass yield 
per unit of sulphate. Inversely, the low abundance SRB OTUs which collectively become abundant 
at and between a 2.6- and 2.0-day HRT (0.016 - 0.021 h-1) collectively have a far lower biomass 
yield per unit sulphate compared to Desulfovibrio (6) and Desulfomicrobium (1).  
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Figure 4-22  The (A) competition between the two dominant SRB OTUs, Desulfovibrio (6) and 
Desulfomicrobium (1), and the sum of the remaining SRB OTUs shown as estimated cell 
concentrations; and (B) the achieved sulphate conversion and residual acetate 
concentrations at varied applied dilution rates. 
 
4.5.4 Mixotrophic sulphate reduction  
Several results from this chapter and from genome-resolved metagenomics (Chapter 8) suggest 
that acetate may not have been the sole electron donor for the observed sulphate reduction. 
These include the maintained sulphate reducing performance at dilution rates greater than the 
expected maximal SRB growth rate, the distribution of hydrogen-consuming and -evolving 
hydrogenase genes amongst the CSTR microbial community (Section 8.5.5), the carbon fixation 
pathways found within SRB genomes (Section 8.5.4) and the low bicarbonate concentrations in 
the reactors Figure 4-23. 
The bicarbonate produced in the reactor is plotted in Figure 4-23-A against the predicted 
bicarbonate concentration. The predicted ‘produced bicarbonate’ concentration assumes all 
bicarbonate produced arises from the observed sulphate reduction, which is assumed to be 
entirely linked to acetate oxidation. This predicted bicarbonate concentration assumes no 
additional bicarbonate generation by microorganisms other than SRB. As SRB constituted only 3 
- 14% of the entire microbial community, this assumption provides a still unrealistic minimum 
concentration of produced bicarbonate in the reactor. This assumption also does not consider 
the bicarbonate generated through yeast extract and citrate oxidation. The observed bicarbonate 
concentration and the bicarbonate concentration predicted based on acetate-linked sulphate 
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reduction show little difference between a two- and 1.3-day HRT (0.021 - 0.032 h-1). Therefore, 
bicarbonate produced by non-SRB, 86 - 97% of the remaining microbial community, is unaccounted 
for. This phenomenon is not observed in the lactate CSTR (Figure 4-23 B) which had a nearly two-
fold greater observed bicarbonate concentration than predicted from the degree of total lactate 
oxidation throughout the HRT study. This phenomenon suggests that a larger proportion of feed 
carbon was incorporated into cell biomass in the acetate system. The meachnaism for this is not 
yet understood but it is proposed that the unaccounted-for bicarbonate in the acetate CSTR may 
have fixed by autotrophic bacteria, potentially including autotrophic SRB. More evidence to 
substantiate this theory is described in Section 8.5.4  (Chapter 8, Metagenomics) but is discussed 
briefly below.  
Two metabolic pathways involved in carbon fixation were identified in the CSTR metagenome 
including the reverse-TCA and Wood–Ljungdahl pathways. These were found in several SRB 
genomes. Evaluations of the genomes present in the CSTRs at a four-day HRT revealed that a 
number of non-sulphate reducing microorganisms, present in both acetate and lactate 
supplemented systems, were capable of amino acid oxidation and citrate uptake and oxidation. 
These microorganisms also contained hydrogen-evolving hydrogenases further indicating their 
role in substrate fermentation. Hydrogen consuming hydrogenases were commonly found within 
the same genomes as those with autotrophic pathways - many of which were SRB. It was 
concluded that these facultative autotrophic microorganisms consumed hydrogen and potentially 
fixed produced bicarbonate.  
As discussed in this chapter acetate oxidation was prominent. This led to the development of the 
BSR mixotrophic metabolic model. In this model, sulphate reduction is coupled to both acetate 
oxidation and to hydrogen consumption. This form of metabolism in SRB is not novel and has 
been discussed in pure and co-culture (Abram and Nedwell, 1978; Badziong et al., 1979; Eselsberg 
1987). However, this is rarely discussed in the context of mixed SRB enrichment cultures nor 
passive wastewater remediation. 
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Figure 4-23 Steady-state bicarbonate concentrations observed in the (A) acetate- and (B) lactate-
supplemented CSTRs across a range of dilution rates, plotted against the predicted 
bicarbonate concentration in each CSTR. Error bars represent one standard deviation 
from the mean (n=2). In the acetate system, the predicted bicarbonate concentration is 
calculated assuming only acetate-linked sulphate reduction (Equation 2-7), whilst in the 
lactate system, the prediction is based on the sulphate reduction linked to incomplete 
lactate oxidation (Equation 2-10) lactate fermentation (Equation 2-12) and acetate 
oxidation by SRB (Equation 2-7) as shown in Figure 4-7. 
 
4.6 Conclusions 
Both the acetate- and lactate-supplemented CSTRs showed comparable performance throughout 
the HRT study compared to other studies presented in the literature. The lactate CSTR 
maintained an average of 55% sulphate conversion between a five- and 1.5-day HRT and 
demonstrating a maximum VSRR of 16.8 mg/ℓ.h at a one-day HRT (0.042 h-1). The acetate CSTR 
maintained sulphate reduction for the duration of the tested dilution rates, exhibiting an average 
sulphate conversion of 45% between a four- and 1.75-day HRT (0.010 - 0.024 h-1), with a maximum 
exhibited VSRR of 10.8 mg/ℓ.h at a 1.5-day HRT (0.028 h-1). The sulphate conversion then 
decreased to 25% at a 1.5- and 1.3-day HRT (0.028 and 0.032 h-1). These results indicate 
competitive and robust SRB cultures. 
A CSTR provides a uniform selective pressure throughout the reactor and selects for a solely-
planktonic microbial community. This combined with the simple carbon sources used in this study 
makes the level of the diversity in the SRB identified, although at low cell concentrations, 
surprising. Desulfomicrobium (1) and Desulfovibrio (6) were identified at high abundance in both the 
acetate- and lactate-supplemented systems and each demonstrates similar trends in cell 
concentrations with increasing dilution rates between the two systems. From both the systems it 
can be concluded that these OTU have a high biomass yield coefficient, per unit of sulphate, 
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compared to collective low-abundance SRB OTUs. The performance of both systems is, therefore, 
attributed to both the high abundant OTU and collectively, the low-abundant SRB OTUs. 
The community structure of the acetate system was impacted greatly by the increase in dilution 
rate, exhibiting a nearly total change in the community structure between a five- and one-day HRT. 
However, the approximately six most abundant OTUs in the lactate system remain in the reactor 
for the duration of the study, but at reduced cell concentrations at short HRT. 
Within the lactate-supplemented CSTR, the competition between lactate-oxidising SRB and 
fermentative microorganisms was effectively monitored through both physiochemical data and 16S 
rRNA gene sequencing data. The bulk of the sulphate reduction seen in this reactor could be 
attributed to incomplete lactate oxidation. The remainder of the sulphate reduction was presumed 
to be linked to acetate oxidation. Within the acetate-supplemented system, the sulphate reduced 
was attributed to primarily acetate oxidation. However, the low bicarbonate concentrations, the 
metagenomic evidence of hydrogen metabolism and autotrophy within this community, and the 
sustained sulphate reducing performance at high dilution rates indicates that mixotrophic sulphate 
reduction is likely occurring. This is thought to include acetate oxidation, the oxidation of 
hydrogen produced by fermentative microorganisms and possibly the fixation of bicarbonate 
produced through the degradation of organic compounds within the reactor. This hypothesised 
metabolic theory is discussed further in Section 8.11 of Chapter 8. 
  
Chapter 5  Linear flow channel reactors 
 
5.1 Introduction 
5.1.1 Background 
The linear flow channel reactor (LFCR) was first developed by Molwantwa and Rose (2013) to 
perform long-term biological sulphate reduction for the remediation of ARD. This reactor system 
was further developed by van Hille et al. (2011), as a hybrid LFCR, to perform simultaneous 
sulphate reduction and sulphide oxidation. The oxidation of the sulphide, producing chemically 
stable elemental sulphur, takes place at the liquid-air interface producing a floating sulphur biofilm. 
This prevents oxygen ingress into the bulk volume and allows the reactor to become anaerobic. 
This was incorporated into the process to limit the amount of toxic sulphide which was discharged 
from the reactor and allow the recovery of sulphur, a product with monetary value. Complete 
mixing within this reactor, well within a single hydraulic residence time, is achieved passively 
thereby transporting sulphide generated by SRB in the bulk liquid to the surface where it is 
oxidised (Marais et al., 2017; this study - Appendix A-2). Harrison et al. (2014) and Van Hille et al. 
(2016) further improved the reactor configuration by incorporating carbon microfibres anchored 
to a stainless steel frame which spans the length of the reactor. This increased the internal surface 
area for microbial colonisation and biofilm formation, allowing for the decoupling of the hydraulic 
and biomass retention times. The performance of this hybrid sulphate-reducing and sulphide-
oxidising system has been demonstrated using both acetate and lactate as electron donors (Marais 
et al., 2017; Marais et al., 2020). The purpose of the overall study is to investigate the microbial 
communities associated with BSR and therefore the LFCRs were sealed from the atmosphere - 
preventing the activity of sulphur-oxidising bacteria and associated communities. The LFCRs also 
provide a unique environment to study the development of the respective microbial communities 
– the planktonic and biofilm communities within a well-mixed bioreactor at varied HRT. The 
physiochemical conditions generated by the LFCR contrasts the well-mixed CSTRs which do not 
support any biofilm communities and contrasts the UAPBRs which support both planktonic and 
biofilm communities but are governed by plug-flow hydrodynamics and therefore the reactions 
and reaction rates within these reactors vary spatially. 
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5.1.2 Experimental approach 
The LFCRs were simultaneously inoculated, along with the two CSTRs and two UAPBRs, from 
the same composite culture originating from a number of stock reactors (Section 3.4.1). The 
LFCRs were initially operated at a four-day HRT. The reactors, although demonstrated to be 
relatively well-mixed, were demarcated into two zones of equal volume which were sampled 
independently for physicochemical data and metagenomic DNA to verify that the conditions within 
these two zones were the same. Due to the little difference between the solution chemistry and 
microbial ecology between these two zones, results obtained from the effluent zone are shown 
unless stated. 
Once a period defined as steady-state had been observed the HRT was iteratively reduced as 
described in Section 3.4. Steady-state physiochemical data was collected as described in Section 
3.5. At each steady-state, the concentration of planktonic cells was determined through direct cell 
counting. The attached and associated biofilm communities were quantified using the developed 
detachment and quantification protocol (Section 3.6) and the community dynamics assessed 
through 16S rRNA metagenomic sequencing at the initial and final four- and one-day HRT, 
respectively. This was performed only twice to minimise the impact of oxygen and desiccation 
stresses on the microbial communities associated with these reactors. The microbial communities 
assessed through genome-resolved metagenomics (reported in Chapter 8 ) and 16S rRNA gene 
amplicon sequencing are described in Section 5.2.2 and 5.4.2. 
5.2 Lactate LFCR Results 
The following sections describe the performance (Section 5.2.1) of the lactate-supplemented LFCR 
across the range of dilution rates applied to the system with a constant sulphate (1.0 g/ℓ or 10.41 
mM) and lactate (1.2 g/ℓ or 13.3 mM) concentration in the feed. The cell concentrations supported 
by the LFCR in the planktonic and biofilm phases are reported (Section 5.2.1). The results of the 
16S rRNA gene amplicon sequencing (Section 5.2.2) are presented which describe the microbial 
community structure of these communities at a phylum- and class- taxonomic levels (Section 
5.2.2), followed by the abundances and classification of the dominant OTUs in the system (Section 
5.2.2). 
5.2.1 Reactor performance 
The lactate-supplemented LFCR achieved a maximum sulphate conversion of 76% at a four-day 
operated HRT (0.010 h-1; Figure 5-1A). This corresponded to a VSRR of 7.9 mg/ℓ.h (Figure 5-2) at 
a VSLR of 10.4 mg/ℓ .h. Reduction in the applied HRT from four- (0.010 h-1) to three-days (0.014 
h-1), resulted in both the sulphate conversion and VSRR decreasing to 50% and 6.9 mg/ℓ.h, 
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respectively. The exhibited VSRR remained at approximately 7 mg/ℓ.h between and including a 
three- and 2.3-day HRT (0.014 and 0.018 h-1). The sulphate conversion decreased to 38% over 
this period. The reactor then maintained, on average, a 40% sulphate conversion from a two- to 
a 1.3-day HRT (0.021 h-1 – 0.032 h-1), before decreasing further to 35% at a one-day HRT (0.042 
h-1). The maintained sulphate conversion between a two- and one-day HRT corresponded with an 
increasing VSRR with further increasing VSLR. A maximum VSRR of 14.8 mg/ℓ.h was observed at 
a one-day HRT (0.042 h-1). The observed sulphide concentration in the reactor differed from the 
predicted sulphide concentration, predicted based on the observed degree of sulphate reduction, 
by less than 7%, on average over the course of the HRT study. The highest sulphide concentration, 
of 231 mg/ℓ (6.77 mM) , was observed at a four-day HRT (0.010 h-1). The sulphide concentration 
decreased to 171 mg/ℓ (5.02 mM) at a three-day HRT (0.014 h-1) and continued to gradually 
decrease to 125 mg/ℓ (3.67 mM) at a one-day HRT (0.042 h-1). 
The propionate concentration present in the reactor (Figure 5-1B) increased from 32 mg/ℓ 
(0.42 mM) at a four-day HRT, to a maximum observed of 266 mg/ℓ (3.64 mM) at a three-day HRT. 
This concentration then decreased gradually with every further reduction in the HRT before 
reaching 196 mg/ℓ (2.68 mM) at a one-day HRT (0.042 h-1). No citrate was detected in the reactor 
or reactor effluent at any applied HRT, being included in the reactor medium at 1.16 mM. 
The acetate concentration in the reactor decreased from 813 mg/ℓ (13.54 mM) at a three-day 
HRT (0.014 h-1) to 567 mg/ℓ (9.44 mM) at a 2.3-day HRT where it remained stable for the 
remainder of the HRT study. Inversely, the residual lactate in the reactor remained below 25 mg/ℓ 
(0.28 mM) between a four- and 2.3-day HRT (0.010 – 0.018 h-1) but increased to 74 mg/ℓ (0.82 mM) 
at a two-day HRT (0.021 h-1) and to a maximum of 167 mg/ℓ (1.85 mM) at a one-day HRT (0.042 
h-1). 
The pH within the reactor remained stable for the duration of the HRT study at 7.1 (Figure 5-1D). 
The redox potential within the reactor and the effluent leaving the reactor increased gradually 
from approximately -180 mV at a four-day HRT (0.010 h-1) to -125 mV at a one-day HRT (0.042 
h-1). The bicarbonate produced within the reactor (Figure 5-1C) decreased gradually from 27 mM 
at a four-day HRT (0.010 h-1) to 23.5 mM at a one-day HRT (0.042 h-1). 
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Figure 5-1  Steady-state kinetic data of the lactate-supplemented LFCR at a range of tested dilution 
rates, including (A) the residual sulphate, the produced sulphide and the predicted sulphide 
concentration, based on the observed sulphate reduced; (B) the observed volatile fatty 
acid profile; (C) the produced bicarbonate concentration present in the reactor effluent 
calculated from the difference between the observed and feed bicarbonate concentrations 
and (D) the pH and redox potential (reported relative to a standard hydrogen electrode). 
The VFA profile, redox potential and pH are reported for solution chemistry drawn from 
the effluent-zone of the reactor and the reactor effluent. Error bars represent one 
standard deviation from the mean. 
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Figure 5-2 The VSRRs achieved by the lactate-supplemented LFCR at varied volumetric sulphate 
loading rates, varied through the reduction in the hydraulic retention time applied to the 
systems. Sulphate conversion can be visually determined through comparisons with 
plotted lines: 100% conversion – solid line, 75% conversion – dashed line; 50% conversion 
– dotted line, 25% - composite dashed and dotted line. 
 
Biomass retention 
The planktonic cell concentration supported within the inlet and effluent zones of the lactate-
supplemented LFCR differed by less than 10% at each tested HRT. The planktonic cell 
concentration in the reactor was maintained at approximately 3 x 108 cells/mℓ between a four- 
and 2.6-day HRT (0.010 - 0.016 h-1; Figure 5-3). The cell concentration then decreased to an 
average of 1.9 x 108 cells/ml at further reduced HRT which was approximately maintained for the 
remainder of the HRT study. The concentration of planktonic cells within the lactate-
supplemented CSTR was, on average over the course of the HRT study, 1.7-fold greater than the 
planktonic cell concentration maintained within the LFCR. 
 
Chapter 5  Linear flow channel reactors   
100 
 
 
Figure 5-3 The planktonic cell concentration supported in the (●) inlet and (●) effluent zone of the 
lactate-supplemented LFCR at a range of tested dilution rates corresponding to HRTs 
ranging from four- to one-day(s). The concentration of planktonic cells supported by the 
similarly operated (♦) lactate-supplemented CSTR is shown for comparison. Cell 
concentrations were determined through direct cell counting on solution drawn directly 
from the respective reactor zone. Cell counts were performed in duplicate and error bars 
represent one standard deviation from the mean. 
 
The biomass retained within the biofilm-associated and biofilm-attached communities of the lactate 
supplemented LFCR was evaluated at the initial four- and the final one-day HRT (0.010 and 0.042 
h-1; Figure 5-204). This found the concentration of cells within the associated communities to be 
slightly lower than that of the planktonic communities. At a four-day HRT, the associated 
communities of the inlet and effluent zones were 1.1 x 109 and 1.8 x 108 cells/mℓ, respectively. 
This decreased to 1.77 x 108 and 1.24 x 108 cells/mℓ, respectively, at a one-day HRT. The attached 
cell concentration, however, was approximately 10-fold greater than that of the planktonic cell 
concentration within each zone at both HRT. 
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Figure 5-4 The concentration of planktonic, biofilm-associated and -attached communities of the 
lactate-supplemented LFCR and, as a comparison, the planktonic cell concentration of the 
lactate-supplemented CSTR at a (A) four- and (B) one-day HRT. The microbial 
communities of both the effluent and inlet zones of the LFCR were assessed 
independently. Biofilm communities were sampled in duplicate and cell counts were then 
performed in duplicate. Error bars represent one standard deviation from the mean. 
 
Scanning electron microscopy was used to visually inspect the biofilm which had formed on the 
surface of the carbon microfibres of the lactate-supplemented LFCR at a four- and one-day HRT.  
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Figure 5-5 Scanning electron micrographs of the carbon microfibres recovered from the lactate-
supplemented LFCR. Carbon microfibres were recovered at a four-day HRT from the (A, 
B) inlet zone and (C, D) effluent zone, and at a one-day HRT, fibres were again recovered 
from the (E, F) inlet and (G, H) and effluent zones. Scale bars are shown in each 
micrograph. 
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Mature biofilms were observed on the carbon fibres from both the inlet and effluent zones of the 
LFCR at a four- and one-day HRT (Figure 5-5). Pores and channels through the depth of the biofilm 
were most prevalent in micrographs of fibres isolated from the effluent zone at a one-day HRT. A 
range of cell morphologies were present within these biofilms, including lemon-shaped, vibrio, 
rods and cocci. 
5.2.2 Microbial ecology  
The attached and associated communities of the lactate-supplemented LFCR, at a four- and one-
day HRT, were dominated by Proteobacteria and Synergistetes (Figure 5-6). Microorganisms from 
these two phyla accounted for 54 to 77% relative abundance of these biofilm communities. 
Firmicutes, which were widely implicated in lactate oxidation in the other lactate-supplemented 
reactors of this study, were present between at only 5 and 13% of these biofilm communities. 
Firmicutes were present at similar abundances in the planktonic microbial community at a four-
day HRT too, but the proportion of this phyla, at a three-, 1.5- and one-day HRT increased to 
between 24 and 51%. Bacteroidetes were higher in abundance in the planktonic communities (23 
- 34%) compared to the biofilm communities (6-13%) at each tested HRT.  
All SRB which could be putatively identified in this reactor system were classified as 
Deltaproteobacteria and constituted all of the Deltaproteobacteria identified. Deltaproteobacteria 
constituted approximately 24% of the planktonic communities at a four-day HRT but decreased 
to approximately 7% at a three-day HRT. The proportion of Deltaproteobacteria increased at the 
further reduced HRT of 1.5-days, to approximately 18% relative abundance, but decreased again 
to 8% at a one-day HRT. The reduction in the HRT had little effect on the abundance of 
Deltaproteobacteria in the associated and attached biofilm communities where this class of 
microorganisms were present at, on average, 29 and 31% relative abundance, respectively. 
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Figure 5-6 Relative abundance of the predominant microbial classes within the planktonic, attached 
and associated communities of the inlet and effluent zones of the lactate-supplemented 
LFCR at dilution rates corresponding to four- (0.010 h-1), three- (0.014 h-1), 1.5- (0.028 h-
1) and one-day (0.042 h-1) HRTs. The phyla to which each class belongs are shown in 
parentheses. 
 
Many of the predominant OTUs in the lactate-supplemented LFCR were shared in the biofilm and 
planktonic microbial communities (Figure 5-7). The SRB which were present at a four-day HRT in 
these communities also did not differ greatly from those present at the final one-day HRT. One 
or both Desulfomicrobium (1) and Desulfovibrio (6) were present in each microbial community. 
Desulfomicrobium, however, exhibited washout between a 1.5- and one-day HRT.  
Several Desulfovibrio OTUs were present in the planktonic and biofilm communities of this reactor. 
Desulfovibrio (108) was present in the attached communities at each HRT, Desulfovibrio (39) and 
Desulfovibrio (47) became abundant in the biofilm communities at a one-day HRT with Desulfovibrio 
(39) becoming dominant within the planktonic communities from a 1.5-day HRT. A Desulfarculus 
OTU (97) was present within the biofilm communities at a four-day HRT but showed greatly 
reduced abundance at a one-day HRT. This SRB OTU was present within the biofilm communities 
of the inlet zones of both the acetate- and lactate-supplemented UAPBRs (Chapter 6 ). 
Veillonella (11) was the most abundant Firmicute in the reactor system, accounting for most of this 
phylum present in both the planktonic and biofilm communities. The abundance of Synergistales 
was predominantly made up of two OTUs, Aminomonas (2) and Dethiosulfovibrio (10). Both OTUs 
were present in the biofilm and planktonic communities too, but Dethiosulfovibrio (10) decreased 
in abundance within the planktonic community with each reduction in the HRT.  
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Notable changes occurred in the composition of OTUs classified within Proteobacteria during the 
HRT study. Aliidongia (52), present in the biofilm communities at a four-day HRT, appeared to be 
replaced by Arcobacter (5) in the biofilm communities at a one-day HRT. Arcobacter (5) was present 
in the planktonic community at a four-day HRT but itself appears to have washed out with reducing 
HRT. Enterobacter (16) then became the predominant non-Deltaproteobacteria Proteobacteria in 
the planktonic communities at reduced HRT.  
 
Figure 5-7 The relative abundance of the most abundant OTUs in the biofilm-associated, attached 
and planktonic communities of the effluent zone of the lactate-supplemented LFCRs at 
dilution rates corresponding to a four- (0.010 h-1), three- (0.014 h-1), 1.5- (0.028 h-1) and 
one-day (0.042 h-1) HRT. OTUs are broadly coloured by taxonomy: Deltaproteobacteria 
– blue, other Proteobacteria – purple, Bacteroidetes – green, Firmicutes – red, 
Synergistetes – yellow, other phyla – grey. 
 
5.3 Lactate LFCR discussion 
The following sections aim to determine the extent of lactate and acetate oxidation by SRB and 
lactate fermentation by competing fermentative microorganisms in lactate-supplemented LFCR. 
This is attempted through an assessment of the collected physiochemical data including the 
reduced sulphate, removed lactate and produced VFAs and bicarbonate in the reactor. The 
microbial ecology, in terms of cell concentration and taxonomy, are subsequently overlaid with 
the performance data to estimate the influence of particular microorganisms with the observed 
reactor performance.  
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5.3.1 Evaluation of the competition for lactate using physiochemical data 
The competition for lactate between SRB and lactate fermentative microorganisms was initially 
evaluated based on the observed degree of sulphate reduction and the production of propionate 
in the reactor (Figure 5-8). At a four-day HRT, when the sulphate conversion averaged 76%, it 
was estimated that 13.0 mM of the 13.6 mM feed lactate was linked to sulphate reduction, with 
0.6 mM lactate being fermented and giving rise to the observed propionate. This 13.0 mM lactate, 
accounts for 6.5 mM of the observed 7.9 mM sulphate reduced through incomplete lactate 
oxidation. Incomplete lactate oxidation, therefore, does not account for all the sulphate which 
was reduced which suggests a portion of lactate was oxidised completely to bicarbonate (Equation 
2-11). The sulphate conversion decreased substantially, to 50%, at a three-day HRT which 
corresponded with the estimated amount of lactate being fermented increasing from 0.6 mM at a 
four-day HRT to 5.4 mM at a three-day HRT. The remaining 8.2 mM lactate was still not sufficient 
for the observed sulphate reduced and again indicated that a portion of this lactate was oxidised 
completely to bicarbonate. The amount of lactate estimated to be used by SRB decreased gradually 
with each iterative increase in the applied dilution rate, from 5.4 mM at a three-day HRT (0.014 
h-1) to 3.0 mM at a one-day HRT. Evidence of complete oxidation of lactate by SRB was last 
observed at a two-day HRT (0.021 h-1). The residual lactate concentration in the reactor began to 
increase gradually from almost negligible at a 2.3-day HRT (0.018 h-1) to 1.9 mM at a one-day HRT 
(0.042 h-1). 
The molar ratios employed by Oyekola et al. (2009) to monitor the competition between SRB 
and lactate fermentative microorganisms were used to further evaluate the competition between 
the SRB and fermentative microorganisms for lactate in this study (Figure 5-9). A molar ratio of 
‘lactate oxidised to sulphate reduced’ of 2:1 indicates lactate was incompletely oxidised by SRB to 
acetate (Equation 2-10). A ratio of 1:0.667 indicates that all lactate underwent complete oxidation 
by SRB (Equation 2-11) and a ratio above 2 indicates that at least a degree of lactate oxidation is 
occurring which is not linked to sulphate reduction. 
 
 
 
Chapter 5  Linear flow channel reactors   
107 
 
 
Figure 5-8 The predicted fate of the 13.6 mM lactate supplied in the reactor medium of the LFCR at 
a range of tested dilution rates corresponding to HRT between a four- and one-day. These 
include the concentration of lactate undergoing lactate fermentation (Equation 2-12) 
calculated from the observed propionate concentration; undergoing incomplete lactate 
oxidation by SRB (Equation 2-10) calculated from the observed sulphate reduced but not 
allowing to exceed the feed lactate concentration of 13.6 mM; residual lactate remaining 
in the reactor, lactate unaccounted for from sulphate reduction and lactate fermentation; 
and the theoretical concentration of lactate required to allow for degree of sulphate 
conversion observed at each tested dilution rate. 
 
The ratio of observed ‘lactate oxidised to sulphate reduced’ (Figure 5-9) increased from 1.7 at a 
four-day HRT (0.010 h-1) to 2.6 at a three-day HRT (0.014 h-1). This further attests to the predicted 
degree of lactate oxidation by fermentative microorganisms at a three-day HRT (0.014 h-1) as 
shown in Figure 5-8. Lactate oxidation by SRB in this lactate-supplemented LFCR was far more 
prevalent than observed in the lactate-supplemented CSTR at a four-day HRT. An observed ratio 
of lactate oxidised to sulphate reduced of 2.6:1 was also observed in the CSTR at a three-day HRT 
(0.014 h-1) but this ratio is approximately maintained in the CSTR at further reduced HRT, until 
the final one-day HRT where this observed ratio was 3:1. The LFCR reached a maximum ‘lactate 
oxidised to sulphate reduced’ ratio of 3.4 at a 2.3-day HRT (0.018 h-1) indicating a large proportion 
of the supplied lactate was utilised by lactate fermenting microorganisms. This degree of lactate 
fermentation was the highest observed in any of the lactate-supplemented reactor systems 
operated in this study. 
The amount of lactate estimated to have been oxidised by SRB, as shown in Figure 5-8, was used 
to calculate the ratio of lactate oxidised by SRB to sulphate reduced (Figure 5-9). This was 
calculated by assuming all lactate which oxidised but was not linked to lactate fermentation through 
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the accounting of produced propionate, was linked to sulphate reduction. Therefore, a ratio of 
‘lactate oxidised by SRB (predicted): sulphate reduced’ above two would indicate lactate that was 
oxidised but is not accounted for by sulphate reduction or fermentation using the assumptions 
made above. This unaccounted-for lactate likely underwent lactate fermentation and the 
propionate which was produced subsequently oxidised.  
The observed ‘lactate oxidised by SRB (predicted): sulphate reduced’ lying between 1.5:1 and 2:1 
at HRT between four- and two-days, omitting the 2.3-day HRT (0.018 h-1) indicates that some of 
the lactate oxidised by SRB at these HRT was completely oxidised to bicarbonate. At the applied 
HRT of 1.5- to one-day(s) this ratio lies above two indicating that sulphate reduction was linked 
to incomplete lactate oxidation and the degree of lactate fermentation was potentially 
underestimated. 
 
 
Figure 5-9 The predicted and observed steady-state molar ratios of products and reactants arising 
from lactate oxidation by SRB (Equation 2-10) and lactate fermentation (Equation 2-12) 
within the effluent zone of the lactate LFCR at a range of tested dilution rates. The lactate 
predicted to have been oxidised by SRB was calculated by subtracting the lactate oxidised 
by fermentation (Figure 5-8) and the residual lactate observed in the reactor from the 
feed lactate concentration (13.6 mM). The predicted acetate concentration was calculated 
according to the degree of lactate oxidation by SRB and fermentative microorganisms 
(Equation 2-10 and Equation 2-12) shown in Figure 5-8 as well as assuming all sulphate 
reduced which was not accounted by the available lactate oxidised, was linked to acetate 
oxidation. The observed and predicted ratio lactate oxidised to acetate produced are 
shown. 
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The concentration of acetate in the reactor was predicted based on the oxidation of lactate via 
incomplete and complete oxidation by SRB and through the determined lactate fermentation, as 
described in Figure 5-8. In this prediction, sulphate reduced which was not linked to lactate 
oxidation is assumed to have been linked, instead, to the oxidation of acetate. The ratio of lactate 
oxidised to observed acetate produced is plotted in Figure 5-9, along with the ratio of lactate 
oxidised to predicated acetate concentration. Where this predicted ratio is greater than observed, 
this indicates that there is more acetate in the reactor than predicted. This degree of additional 
acetate in the reactor was observed at a three- (0.014 h-1), 2.6- (0.016 h-1) and 1.5-day (0.028 h-1) 
HRT. This indicates that additional acetate is generated in this reactor through the oxidation of 
substrates other than lactate. The observed and predicted acetate concentrations, based on the 
lactate oxidation and sulphate reduction reactions discussed above at each tested HRT, are shown 
in Figure 5-10.  The observed acetate concentration showed the greatest difference from this 
predicted acetate concentration at a three- (0.014 h-1), 2.6- (0.016 h-1) and 1.5-day (0.028 h-1) 
HRT. At each other HRT, the difference between the observed and predicted acetate 
concentrations differed by, on average, just 0.6 mM acetate. The additional observed acetate in 
this reactor was expected to have originated from the oxidation of yeast extract as described in 
Section 4.4.2. The predicted acetate concentration in the LFCR at a three-, 2.6- and 1.5-day HRT 
are lower than the second predicted acetate concentration in Figure 5-10 which also considers 
4.37 mM of acetate generation from yeast extract oxidation. The agreement with the first 
prediction and the observed acetate concentration, at most HRT, suggests that yeast extract 
oxidation was less prevalent in this reactor compared to the acetate-supplemented CSTR, and 
acetate-supplemented LFCR (Section 5.5.1). This suggests that this microbial culture preferentially 
oxidises lactate over the lower concentrations of yeast extract constituents as an electron donor 
and carbon source. The high acetate concentrations in the effluent of this reactor represents an 
unutilised electron donor occurring even in the presence of high concentrations of sulphate. This 
likely speaks to the absence of both sulphate- and non-sulphate reducing microorganisms able to 
effectively metabolise acetate in this reactor.  
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Figure 5-10 The observed and predicted acetate concentrations in the lactate-supplemented LFCR at 
each tested HRT. The acetate concentrations were predicted based on the determined 
lactate oxidation by fermentation reactions as shown in Figure 5-8. A second acetate 
prediction was made including 4.37 mM of acetate being generated from yeast extract 
oxidation, as observed in the acetate-supplemented CSTR and discussed in Section 4.4.2.  
Although the observed acetate concentrations are largely as predicted in the reactor, the 
concentration of bicarbonate was far greater than anticipated based on the determined lactate and 
acetate oxidation reactions (Figure 5-11). The observed bicarbonate concentration was, on 
average across the HRT study, 8.8 mM greater than that predicted. 
 
Figure 5-11 The (green) observed and (white) predicted bicarbonate concentrations present in the 
lactate-supplemented LFCR at a range of applied dilution rates, corresponding to HRT 
between four- and one-day (0.010 – 0.042 h-1). The predicted concentrations of 
bicarbonate in the reactor were calculated based on the degree of determined lactate 
fermentation, incomplete lactate oxidation and complete lactate oxidation as shown in 
Figure 5-8. 
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The ratio of ‘lactate oxidised to bicarbonate produced’ at each HRT, is plotted in Figure 5-12. The 
bicarbonate concentration was approximately two-fold higher than predicted at each tested HRT 
and lies below 1:1 for the duration of the HRT study. A ratio of one would typically indicate that 
complete lactate oxidation by SRB was the prevailing reaction taking place in the reactor. The 
generation of bicarbonate from the oxidation of substrates other than lactate, however, is leading 
to this misinterpretation. This ratio is, therefore, not a good performance indicator of lactate 
oxidation under these conditions. As little yeast extract was thought to have been oxidised in this 
reactor, the majority of this additional bicarbonate is thought to originate from the oxidation of 
citrate which was not detected in the reactor at any tested HRT.  
 
Figure 5-12 The observed and predicted ‘lactate oxidised to produced bicarbonate’ ratio within the 
lactate-supplemented LFCR at a range of applied dilution rates, corresponding to HRT 
between and including a four- and one-day HRT (0.010 – 0.042 h-1). The predicted ratios 
were calculated based on the degree of lactate oxidation by SRB (Equation 2-10 and 
Equation 2-11), lactate fermentation (Equation 2-12). The ratios of ‘lactate oxidised to 
bicarbonate produced’ based on the theoretical consumption of all lactate by SRB (1:1) 
and by fermentative microorganisms (3:1) are shown. 
 
5.3.2 Comparison of the performance of the lactate-supplemented LFCR and CSTR 
The VSRR achieved by the lactate-supplemented LFCR, with increasing VSLR and dilution rates, is 
plotted alongside that achieved by the similarly operated CSTR in Figure 5-13. The lactate LFCR 
achieved a VSRR of 7.9 mg/ℓ.h at a four-day HRT (0.010 h-1) compared to the CSTR which achieved 
5.8 mg/ℓ.h at this HRT. However, at every subsequent tested HRT, the lactate CSTR exhibited 
higher VSRRs than the LFCR, even at a one-day HRT (0.042 h-1) where the planktonic cell 
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concentrations in this CSTR were greatly reduced (Section 4.2.1). This is particularly surprising 
given the greater degree of biomass retention achieved within the LFCR. 
 
 
Figure 5-13 The VSRRs achieved by the lactate-supplemented (●) LFCR and similarly operated (●) 
CSTR of this study at varied volumetric sulphate loading rates, varied through the 
reduction in the hydraulic retention time applied to the systems. Sulphate conversion can 
be visually determined through comparisons with plotted lines: 100% conversion – solid 
line, 75% conversion – dashed line; 50% conversion – dotted line, 25% - composite dashed 
and dotted line. Error bars represent one standard deviation from the mean. 
  
The cell concentration of SRB within the lactate-supplemented LFCR was estimated by multiplying 
the cumulative relative abundance of the OTUs putatively identified as SRB by the total determined 
cell concentration of each microbial community (Figure 5-14). Far higher cell concentrations of 
SRB were calculated to be present in the attached communities, 5.5 x 108 – 1.3 x 109 cells/mℓ, 
compared to the planktonic communities of the LFCR (1.1 x 107 – 7.6 x 107 cells/mℓ) and CSTR 
(4.3 x 107 – 3.1 x 108 cells/mℓ). The reduced performance of the LFCR may, therefore, be explained 
by the presence of specific microorganisms within this reactor which were outcompeting the SRB 
in this reactor for the available lactate. 
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Figure 5-14 The proportion of identified SRB (blue) and non-SRB (grey) of the attached, associated 
and planktonic communities of the inlet and effluent zones of the lactate-supplemented 
LFCR, at a range of tested HRT including four-, three-, 1.5- and one-day HRT. The total 
magnitude of these communities was determined by direct cell counting, following, were 
applicable to, the use of the modified detachment protocol. The proportion of SRB within 
a community was determined through the putative identification of SRB OTUs following 
16S rRNA amplicon sequencing. Genome-resolve metagenomics, where possible, was 
used to supplement and validify the identification of these SRB. Error bars represent one 
standard deviation from the mean. 
 
5.3.3 Integration of reactor performance and microbial ecology 
The sulphate conversion exhibited by the lactate-supplemented LFCR roughly correlated with the 
determined SRB cell concentration in the planktonic phase, which was made up largely by 
Desulfomicrobium (1), Desulfovibrio (6) and Desulfovibrio (39) (Figure 5-15). These are likely 
performing incomplete and complete lactate oxidation. The sulphate conversion was also roughly 
anticorrelated with the determined cell concentration of Veillonella (11). As previously mentioned, 
the genus Veillonella has been demonstrated in the literature to be an effective lactate oxidiser 
(Rogosa, 1963; Ng and Hamilton, 1971; Seeliger et al., 2002; Scheiman et al., 2019). This 
microorganism was also shown to possess the genes required to oxidise lactate through genome-
resolved metagenomics (Section 8.5). Further, a survey of the microbial communities across all six 
of the bioreactors operated in this study (Chapter 7 ), revealed that this Veillonella (11) OTU was 
significantly enriched in zones where lactate oxidation occurred and within planktonic microbial 
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communities. When this Veillonella OTU did appear in biofilm communities across the six 
bioreactors, it averaged just 4.6% relative abundance. However, this Veillonella OTU was found at 
high abundances in the attached and associated communities of this LFCR. At a one-day HRT, 
Veillonella (11) was found at approximately 10% relative abundance in each of these biofilm 
communities (Figure 5-16). 
 
 
Figure 5-15 The calculated cell concentrations of the predominant OTUs in the effluent zone 
planktonic communities of the lactate-supplemented LFCR at a range of tested dilution 
rates. Cell concentrations were estimated through multiplying the relative abundance of 
an OTU by the total cell concentration determined at each respective steady-state 
through direct cell counting. The sulphate conversion achieved at each HRT is shown in 
the secondary y-axis. OTUs are coloured by taxonomy: Deltaproteobacteria – blue, other 
Proteobacteria – purple, Bacteroidetes – green, Firmicutes – red, Synergistetes – yellow, 
other phyla – grey. OTUs putatively identified are SRB are circled by a dotted line in the 
legend. 
 
This was one of the many microorganisms which became more abundant at reduced HRT in the 
biofilm communities (Figure 5-16). Two Desulfovibrio OTUs, namely 39 and 47, also appeared in 
the biofilm communities at a one-day HRT. The growth of these OTUs in the biofilm likely 
accounts for their sudden appearance in the planktonic communities at reduced HRT, having likely 
being seeded from this biofilm.  
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Figure 5-16 Hierarchical clustering of the relative abundance of the predominant OTUs in the 
planktonic, associated and attached microbial communities of the lactate-supplemented 
LFCR at a range of tested HRT including four-, three-, 1.5- and one-day HRTs (shown in 
parentheses in the column names). Relative abundances were ln(x +1) transformed and 
hierarchical clustering was performed using correlation distance and average linkage. No 
row centring was performed. The reactor zone from which each sample was isolated, the 
microbial phase and the HRT at which the sample was recovered is shown above the 
heatmap and the legend shown on the right of the heatmap. 
It is interesting to note the sustained presence of Desulfovibrio (6), Aminomonas (2) and 
Dethiosulfovibrio OTUs in the biofilm and planktonic communities between a four- and one-day 
HRT – making these core members of these communities (Figure 5-16). The genera of 
Dethiosulfovibrio and Aminomonas is commonly implicated in amino acid and citrate oxidation in 
literature (Baena et al., 1999; Surkov et al., 2001; Jumas-Bilak et al., 2009) and many of the 
recovered genomes of Synergistales in these reactors were found with complete or near-complete 
gene pathways for the urea cycle, citrate oxidation and lactate oxidation (Section 8.5). These 
microorganisms are thought likely to perform amino acid and citrate oxidation within this reactor. 
The basis of this conclusion, based on genetic potential and distribution throughout reactor 
communities, is further discussed in Chapters 7 and 8. 
The correlation between the sulphate conversion exhibited by the lactate-supplemented LFCR 
and the estimated SRB cell concentrations suggest that the sulphate which is reduced at HRT 
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where SRB cell concentrations are greatly reduced, namely 470 mg/ℓ (4.90 mM) sulphate at a 
three-day HRT and 411 mg/ℓ (4.28 mM) sulphate at a one-day HRT, is largely reduced by SRB 
present within the biofilm communities. The sulphate reducing performance of the current reactor 
configuration, therefore, is expected to outcompete that of the CSTR at further increased dilution 
rates only where total planktonic SRB cell washout would take place. 
It is expected that the performance of this reactor could be improved by maximising the surface 
area for biofilm formation thereby limiting the growth of microorganisms within the planktonic 
phase which are competing with the SRB for lactate. The prevalence of the Veillonella OTU in the 
planktonic and attached communities is thought to account for the degree of lactate fermentation 
observed in this reactor. The performance of this reactor in the context of other studies described 
in the literature is described in Section 5.6. 
5.4 Acetate-supplemented LFCR Results 
The following sections describe the performance of the acetate-supplemented LFCR across the 
tested dilution rates applied to the system with a constant sulphate (1.0 g/ℓ or 10.41mM ) and 
acetate (0.72 g/ℓ or 11.2 mM) concentration. The cell concentrations supported by the LFCR in 
the planktonic and biofilm phases are reported. The results of the 16S rRNA gene amplicon 
sequencing results are presented which describe the microbial community structure of these 
communities at a phylum- and class- taxonomic levels, followed by the abundances and 
classification of the dominant OTUs in the system. 
5.4.1 Reactor performance 
The acetate-supplemented LFCR, at a four-day HRT (0.010 h-1) achieved a sulphate conversion of 
69% (Figure 5-17A), corresponding to a VSRR of 7.2 mg/ℓ.h at a VSLR of 10.4 mg/ℓ.h (Figure 5-18). 
The sulphate conversion then decreased to 47% at a three-day HRT (0.014 h-1) and gradually 
decreased further to 39% at a 2.3-day HRT (0.018 h-1). The VSRR exhibited between a four- and 
2.3-day HRT (0.010 - 0.018 h-1) remained fairly stable, at approximately 6.9 mg/ℓ.h. The dramatic 
decrease in sulphate conversion between a four- and three-day HRT (0.010 - 0.014 h-1) coincided 
in the acetate concentration in the reactor increasing from 643 mg/ℓ (10.71 mM) to nearly 800 
mg/ℓ (13.32 mM; Figure 5-17B). No citrate was observed in the reactor at any applied HRT. The 
acetate concentration decreased to 670 mg/ℓ (11.16 mM) at a 2.3-day HRT (0.018 h-1) where it 
remained stable for the remainder of the study. The residual sulphate in the reactor, however, 
decreased from 608 mg/ℓ (6.33 mM) at a 2.3-day HRT to 422 mg/ℓ (4.40 mM) at a two-day HRT 
(0.021 h-1). This sudden improvement in sulphate conversion corresponds with an increase in the 
VSRR from 7.0 mg/ℓ.h at a 2.3-day HRT (0.018 h-1) to 12.0 mg/ℓ.h at a 2-day HRT (0.021 h-1). The 
sulphate conversion decreases gradually with subsequent reduction in the applied HRT, achieving 
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a sulphate conversion of 41% at a one-day HRT (0.042 h-1). The VSRR continues to increase over 
this period, from 12.0 mg/ℓ.h at a two-day HRT to 17.1 mg/ℓ.h at the one-day HRT (0.042 h-1). 
The measured sulphide concentration within the reactor (Figure 5-17A) was largely consistent 
with the predicted sulphide concentration based on the stoichiometric reduction of sulphate in 
the reactor. The sulphide concentration reached 212 mg/ℓ (6.22 mM) at a four-day HRT before 
decreasing to 135 mg/ℓ (3.96 mM) at a 2.3-day HRT (0.018 h-1). The maximum observed sulphide 
concentration, of 216 mg/ℓ, (6.33 mM) was reached at a two-day HRT. The sulphide concentration 
then decreased linearly with increasing dilution rate, reaching 137 mg/ℓ (4.02 mM) at a one-day 
HRT (0.042 h-1). The pH within the reactor remained steady, on average 7.4, for the duration of 
the HRT study (Figure 5-17D). The redox potential within the reactor was fairly stable but 
decreased gradually from -175 to -137 mV over the course of the HRT study. 
 
Figure 5-17 Steady-state kinetic data collected from the acetate-supplemented LFCR, at a range of 
tested dilution rates, including (A) the residual sulphate, the produced sulphide and the 
predicted sulphide concentration, based on the observed sulphate reduced,; (B) the 
observed residual acetate concentration; (C) the produced bicarbonate concentration 
present in the reactor effluent calculated from the difference between the observed and 
feed bicarbonate concentrations and (D) the pH and redox potential (reported relative to 
a standard hydrogen electrode). The observed residual acetate concentration, redox 
potential and pH are reported for solution chemistry drawn from the effluent-zone of the 
reactor and the reactor effluent. Error bars represent one standard deviation from the 
mean. 
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Figure 5-18 The VSRRs achieved by the acetate-supplemented LFCR at varied volumetric sulphate 
loading rates, varied through the increase in the applied dilution rate, corresponding to 
HRT between four- and one-days. Sulphate conversion can be visually determined through 
comparisons with plotted lines: 100% conversion – solid line, 75% conversion – dashed 
line; 50% conversion – dotted line, 25% - composite dashed and dotted line. Error bars 
represent one standard deviation from the mean. 
Biomass retention  
The planktonic cell concentration supported within the inlet and effluent zones of the acetate-
supplemented LFCR differed by, on average, 15% of the concentration of cells supported within 
the effluent zone. The cell concentration supported within the reactor at a four-day HRT (0.010 
h-1) varied between 2.4 - 2.55 x 108 cells/mℓ (Figure 5-19). The concentration of supported cells 
decreased at a three-day HRT (0.014 h-1) to 1.7 - 2.0 x 108 cells/mℓ. The planktonic cell 
concentration then increased to a maximum of 2.3-3.0 x 108 cells/mℓ at a two-day HRT before 
gradually decreasing to 1.5 - 1.6 x 108 cells/mℓ at a one day HRT (0.042 h-1). The cell concentration 
supported by similarly operated CSTR was, on average across each tested HRT, 120% greater in 
magnitude than supported within the effluent zone of the LFCR.   
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Figure 5-19 The planktonic cell concentration supported in the (●) inlet- and (●) effluent-zones of the 
lactate-supplemented LFCR at a range of tested dilution rates corresponding to HRTs 
ranging from four- to one-day. The concentration of planktonic cells supported by the 
similarly operated (♦) lactate-supplemented CSTR are shown for comparison. Cell 
concentrations were determined through direct cell counting on solution drawn directly 
from the respective reactor zone. Cell counts were performed in duplicate and error bars 
represent one standard deviation from the mean. 
 
The biomass retained within the biofilm-associated and biofilm attached communities of the 
acetate supplemented LFCR was evaluated at the initial four- and one-day HRTs (0.010 and 0.042 
h-1; Figure 5-20). This found the concentration of cells within the associated communities to be 
similar to the concentration of cells found within the planktonic communities. At a four-day HRT, 
the concentration of cells within the associated communities of the inlet and effluent zones were 
4.7 x 108 cells/mℓ and 3.8 x 108 cells/mℓ, respectively. This decreased to 1.3 x 108 and 1.5 x 108 
cells/mℓ, respectively, at a one-day HRT. The attached cell concentration, however, was more 
than 10-fold that of the planktonic cell concentration within each zone and at both HRT. The 
attached cell concentration decreased from 2.58 x 109 - 2.88 x 109 cells/mℓ at a four-day HRT to 
1.74 x 109 - 2.01 x 109 cells/mℓ at a one-day HRT.  
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Figure 5-20  The concentration of planktonic, biofilm-associated and attached communities of the 
acetate-supplemented LFCR and the planktonic cell concentration in the acetate-
supplemented CSTR at a (A) four- and (B) one-day HRT. The microbial communities of 
both the effluent and inlet zones of the LFCR were assessed independently. Biofilm 
communities were sampled in duplicate and cell counts were then performed in duplicate. 
Error bars represent one standard deviation from the mean. 
SEM was used to visually inspect the surface of the carbon microfibres which were removed from 
the acetate-supplemented LFCR at a four- and one-day HRT (Figure 5-21). At both the four- and 
one-day HRT, cells embedded within a thick layer of EPS were visible spread over the surface of 
the fibres. These cells were mostly rod and vibrio in morphology. Large crystalline precipitates 
were also attached to these fibres (Figure 5-21C) at both tested HRT. Similar crystalline 
precipitates were described by Marais (under review) when operating a LFCR under similar 
conditions. Marais (under review) used Energy Dispersive Spectroscopy to show these precipitates 
largely comprised magnesium and phosphorus. 
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Figure 5-21  Scanning electron micrographs of the carbon microfibres recovered from the acetate-
supplemented LFCR. Carbon microfibres were recovered at a four-day HRT from the (A, 
B) inlet zone and (C, D) effluent zone, and at a one-day HRT, fibres were again recovered 
from the (E, F) inlet and (G, H) effluent zones. Scale bars are shown in each micrograph. 
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5.4.2 Microbial ecology 
The acetate-supplemented LFCR, at the phylum and class level, was dominated by two classes of 
Bacteroidetes: Flavobacteria and Bacteroidia (Figure 5-22). These two classes constituted more 
than 50% of each of the planktonic, associated and attached communities at a four-day HRT (0.010 
h-1). Deltaproteobacteria, entirely comprised putatively identified SRB, made up 10 to 20% relative 
abundance of the attached and associated communities at a four- and one-day HRTs. The relative 
abundance of this class fluctuated, however, within the planktonic communities. Briefly, the relative 
abundance in the four-day planktonic communities ranged between 13 - 14% but decreased to 4-
5% at a three-day HRT. The abundance then increased to 14 - 21% at a 1.5-day HRT before 
decreasing to 7 - 9% at a one-day HRT.  
The class composition of the planktonic communities saw large changes between the four- and 
one-day HRTs. The abundance of Flavobacteria decreased from 30 - 34% at a four- and three-day 
HRT to 8 - 12% relative abundance at a 1.5-day HRT. This class was present at less than 1% relative 
abundance at a one-day HRT. The relative abundance of the other predominant class of 
Bacteroidetes, Bacteroidia, appears to be almost unaffected by the reduced HRT. The Firmicutes 
class of Bacilli increases from almost undetectable in the planktonic communities at the longer 
HRT to 3% and 20 - 34% relative abundance of the planktonic communities at a 1.5- and one-day 
HRTs, respectively.  
Bacilli also constituted a large proportion of the attached and associated communities at a one-
day HRT, after being almost undetected at a four-day HRT. The class of Synergistia and Clostridia 
show little change a result of applied dilution rate. Synergistia made up roughly 10% of the attached 
communities, 15% of the associated communities and 20% of the planktonic communities. 
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Figure 5-22 Relative abundance of the predominant microbial classes within the planktonic, attached 
and associated communities of the inlet and effluent zones of the acetate-supplemented 
LFCR at dilution rates corresponding to four- (0.010 h-1), three- (0.014 h-1), 1.5- (0.028 h-
1) and one-day (0.042 h-1) HRTs. The phyla to which each class belongs are shown in 
parentheses. 
 
Although not evident at the class taxonomic level, the OTUs which constituted the planktonic and 
biofilm communities were highly dissimilar (Figure 5-23). The Flavobacteria classified Lutaonella (0) 
was the largest constituting OTU within the biofilm-associated and attached communities at a 
four- and one-day HRT. A different Flavobacteria classified microorganism, Pustulibacterium (3), 
was the most abundant OTU within the planktonic communities at a four- and three-day HRT. 
This OTU then exhibits a considerable reduction in abundance at a 1.5-day HRT and is detected 
at less than 0.1% relative abundance at a one-day HRT. 
Not only were the biofilm communities and planktonic communities dissimilar, but the OTU 
composition of each of these communities changed substantially between a four- and one-day 
HRT. Three putatively identified SRB  were identified within the biofilm communities at a four-day 
HRT. These were Desulfatitalea (177), Sporotomaculum (112) and a small proportion of 
Desulfobacter (18). Sporotomaculum (112) was identified as an SRB through matching with a 
recovered Clostridial classified genome bin in Chapter 8  (Section 8.5), 
Desulfotomaculum_gibsoniae_47_21, which contains the genes required for dissimilatory sulphate 
reduction. The three SRB OTUs present in the biofilms at a four-day HRT had almost entirely 
been replaced by Desulfobacter (18) and Desulfomicrobium (1) at a one-day HRT. The planktonic 
communities, too, show large changes in the constituting SRB with the changing in the applied 
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HRT. At a four-day HRT, these SRB communities largely comprised Desulfovibrio (6) as well as 
Sporotomaculum (112) and a small proportion of Desulfomicrobium (1). At a 1.5- and one-day HRTs, 
these SRB communities are almost entirely made up of Desulfobacter (18) and Desulfomicrobium 
(1).  
A further observation is the inverse abundances of the Synergistales OTUs Aminomonas (2) to 
Dethiosulfovibrio (13) in the planktonic communities between a four- and one-day HRT. The 
Aminomonas OTU was dominant at longer HRT, while the Dethiosulfovibrio OUT subsequently 
became dominant at shorter HRT. 
 
 
Figure 5-23 The relative abundance of the most abundant OTUs in the associated, attached and 
planktonic communities of the effluent zone of the lactate-supplemented LFCRs at dilution 
rates corresponding to a four-, three-, two- and one-day HRT. OTUs are coloured by 
taxonomy: Deltaproteobacteria – blue, other Proteobacteria – purple, Bacteroidetes – 
green, Firmicutes – red, Synergistetes – yellow, other phyla – grey. 
 
5.5 Acetate-supplemented LFCR Discussion 
The following sections aim to determine the extent of acetate oxidation by SRB and competing 
microorganisms in the acetate-supplemented LFCR. This is attempted through an assessment of 
the collected physiochemical data including the reduced sulphate, removed acetate, and the 
produced bicarbonate in the reactor. Subsequently the microbial ecology, in terms of cell 
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concentration and taxonomy, is overlaid with this performance data to estimate the influence of 
specific microorganisms with the observed reactor performance.  
5.5.1 Prevailing metabolisms in the acetate-supplemented LFCR 
The concentration of acetate predicted to be present in the LFCR at each HRT was predicted 
using a set of assumptions. Firstly, all sulphate reduced was linked to acetate oxidation (Equation 
2-7). According to this equation, the reduction of one mol of sulphate is coupled to the oxidation 
of 1 mol of acetate. The second assumption is that all acetate which was oxidised in the reactor 
was oxidised by SRB. The first plotted prediction, shown in Figure 5-24, assumes that the only 
acetate available for sulphate reduction was the 11 mM acetate supplied in the reactor medium. 
The second prediction assumes that, in addition to this acetate, a further 4.37 mM acetate is 
generated from the oxidation of yeast extract, as demonstrated in Section 4.4.2. The observed 
acetate concentration at each HRT differs from this predicted acetate concentration, by on 
average, 8.6% of the predicted value. A third predicted acetate concentration is also plotted in this 
figure which accounts for the potential of acetate generation through citrate oxidation. This final 
prediction represents a theoretical maximum acetate concentration which could be observed in 
the reactor if assumption one and two are true. If a residual acetate concentration should have 
been found above this prediction, this would have indicated that the assumption that sulphate 
reduction was linked to acetate oxidation would be proved to be false. 
The relatively small difference between the observed and predicted acetate concentration, 
predicted assuming the generation of acetate from yeast extract oxidation, provides strong 
evidence that sulphate reduction is linked, predominantly, to acetate oxidation.  
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Figure 5-24 The observed and predicted residual acetate concentration in the acetate-supplemented 
LFCR at a range of dilution rates which correspond to HRT between four- and one-day 
HRT (0.010 - 0.042 h-1). Predicted acetate concentrations were based on the degree of 
sulphate reduction being solely linked to oxidation of acetate present in the media, 
according to Equation 2-7, and including the concentration of acetate generated from yeast 
extract oxidation Section 4.4.2 and including the concentration of acetate potentially 
generated from the oxidation of 1.16 mM citrate. 
 
The concentration of bicarbonate produced in the reactor varied between 24 and 28 mM for the 
duration of the HRT study. The predicted ‘produced bicarbonate’ is plotted alongside this 
observed concentration in Figure 5-25. This prediction is based solely on the bicarbonate 
produced through acetate-linked sulphate reduction, according to Equation 2-7. The observed 
bicarbonate concentration was greater than this ‘SRB produced’ bicarbonate concentration by, on 
average across the HRT study, just 11%. Within the lactate-supplemented LFCR, the observed 
bicarbonate concentration was greater than predicted by, on average, 49%. The bicarbonate 
concentration within the lactate system was calculated based on the oxidation of lactate by SRB 
and by fermentative microorganisms, and the oxidation of acetate by SRB whereas the bicarbonate 
concentration in the acetate-supplemented LFCR was calculated solely on the metabolism of SRB.  
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Figure 5-25 The observed and predicted produced bicarbonate concentrations in the acetate-
supplemented LFCR at a range of tested dilution rates corresponding to HRT between 
and including four- and one-day (0.010 – 0.042 h-1). Predicted produced bicarbonate 
concentrations were based on the observed sulphate reduction, assuming all sulphate 
reduction was linked to oxidation of acetate in the reactor medium according to Equation 
2-7. 
 
The difference of 25% between the observed and predicted produced bicarbonate concentrations 
in the acetate system is surprisingly small as this 25% is all that would indicate the presence of 
microorganisms other than SRB. This is also low considering the 86% difference between the 
observed and predicted produced bicarbonate concentrations in the lactate system, which was 
concluded to have been generated through citrate and yeast extract oxidation, both of which are 
occurring in the acetate system. The estimated relative abundance of non-SRB ranges from 79-
91% in the planktonic communities and 68-82% in the biofilm communities of the acetate LFCR. 
Furthermore, considering that 4.37 mM of acetate was concluded to be generated from yeast 
extract oxidation, as shown in Figure 5-24, this should be accompanied by the production of 
additional bicarbonate. Since the acetate LFCR was identical in configuration to the lactate LFCR, 
showed similar pH to the lactate LFCR (where additional bicarbonate accumulated) and all 
sulphide generated from sulphate reduction could be accounted for, it is concluded that negligible 
bicarbonate was lost as gaseous carbon dioxide. The reason for the deficit of bicarbonate is still 
unclear, however, genome resolved metagenomics (Section 8.5.4) indicates autotrophic growth in 
this community is possible. 
Genome-resolved metagenomics revealed that hydrogen evolving and consuming hydrogenases 
were widespread among the BSR reactor microbial communities (Chapter 8). It was concluded 
from the almost uniformity in the distribution of these genes amongst the microorganisms of these 
systems that hydrogen cycling was occurring in these systems. Examination of the genomes of the 
identified SRB revealed that all SRB contained genes encoding hydrogen consuming, group 1 NiFe 
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hydrogenases and would, therefore, be able to oxidise any hydrogen produced within these 
systems. Therefore, a portion of the sulphate reduction was linked to the oxidation of hydrogen 
produced through the fermentation of yeast extract and/or citrate by non-SRBs. Autotrophic 
pathways, present in an estimated 47% of the biofilm community at a four-day HRT, were found 
together within hydrogen consuming hydrogenases genes amongst several Bacteroidetes and 
Proteobacteria. It is therefore possible that autotrophic fixation of bicarbonate in the reactor was 
performed by SRB and additional microorganisms.  
5.5.2 Comparison of the performance of the acetate-supplemented LFCR and 
CSTR 
The acetate-supplemented LFCR and CSTR showed similar trends in the exhibited VSRR at 
increased VSLRs and dilution rates (Figure 5-26). The acetate CSTR maintained a sulphate 
conversion of 39% between a five- and 2.6-day HRT (0.008 – 0.018 h-1). The sulphate conversion 
then increased to 51% at a 2.3-day HRT. This improved sulphate conversion was attributed to the 
increased, cumulative abundance of low-abundance SRB in this reactor. The LFCR also showed an 
improved sulphate conversion at similar applied dilution rates. The sulphate conversion increased 
from 39% at a 2.3-day HRT (0.018 h-1) to 58% at a two-day HRT (0.021 h-1). As discussed below, 
this is thought to be a consequence of the changing microbial community composition. In both 
reactors, Desulfovibrio (6) is the predominant SRB at a four-day HRT (0.010 h-1). However, this 
OTU subsequently experiences near-complete washout at a three-day HRT(0.014 h-1). The loss 
of this microorganism may have been the likely trigger for the subsequent changes in the 
composition of these SRB communities. This is discussed in more detail in Sections 5.5.4 below.  
The acetate-supplemented CSTR exhibited a substantial decrease in sulphate conversion between 
a 1.5- (0.028 h-1) and 1.3-day HRT (0.032 h-1) corresponding to the VSRR decreasing from 10.8 to 
8.1 mg/ℓ.h (Figure 5-26). The LFCR, although exhibiting a decreased sulphate conversion from 53 
to 48% over this period, does not show a decrease in VSRR. Maintaining the VSRR is attributed 
to the SRB retained within the biofilm communities associated with the carbon microfibres of this 
reactor. 
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Figure 5-26 The VSRRs achieved by the acetate-supplemented (●) LFCR and similarly operated  (●) 
CSTR at VSLR, varied through the reduction in the HRT applied to the systems. Sulphate 
conversion can be determined through comparisons with plotted lines: 100% conversion 
– solid line, 75% conversion – dashed line; 50% conversion – dotted line, 25% - composite 
dashed and dotted line. 
 
5.5.3 Estimated SRB-biomass retention  
The cell concentration of SRB in the microbial communities of the acetate-supplemented LFCR 
were estimated by multiplying the summed relative abundance of the putatively identified SRB  
OTUs, at each HRT, by the total cell concentration of that community (Figure 5-27). The 
decreasing SRB cell concentrations present in planktonic microbial communities during the HRT 
study reflects the sulphate conversion profile, as illustrated in Figure 5-27 below. At a four-day 
HRT the combined cell concentration of Sporotomaculum (112), Desulfovibrio (6) and 
Desulfomicrobium (1) was 2.5-2.6 x 107 cells/mℓ. This decreased to 8.2 x 106 cells/mℓ at a three-day 
HRT corresponding with the decrease in sulphate conversion from 69 to 47%. The increased 
conversion from 47% at a three-day HRT to 53% at a 1.5-day HRT coincided with the increase in 
concentration of cumulative planktonic SRB to 4.2 x 108 cells/mℓ. The SRB, at this HRT, are almost 
entirely made up by Desulfomicrobium (1) and Desulfobacter (18). These two SRB OTUs are still 
present within the reactor at a one-day HRT, but cumulatively at a 4.2-fold lower cell 
concentration.  
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Figure 5-27 The estimated cell concentrations of the predominant OTUs in the planktonic 
communities of the lactate-supplemented LFCR at a range of tested dilution rates. Cell 
concentrations were estimated through multiplying the relative abundance of an OTU by 
the total cell concentration determined at each respective steady-state through direct cell 
counting. The sulphate conversion achieved at each HRT is shown in the secondary y-axis. 
OTUs are coloured by taxonomy: Deltaproteobacteria – blue, other Proteobacteria – 
purple, Bacteroidetes – green, Firmicutes – red, Synergistetes – yellow, other phyla – grey. 
OTUs putatively identified as SRB have been circled by a dotted line in the legend. 
 
The decrease in planktonic SRB by more than 4-fold between a 1.5- and one-day HRT and the 
resulting sulphate conversion decreasing by just 7% suggests that the SRB held within the biofilm 
are the major contributors to the sulphate reducing performance of this reactor, certainly at a 
one-day HRT. The estimated concentration of total SRB cells within the planktonic, associated and 
attached communities of the acetate-supplemented LFCR and are shown in Figure 5-28. The large 
majority of SRB held within this reactor, 2.9 x 108 – 4.2 x 108 cells/mℓ, are held within the attached 
biofilm communities. In contrast, the estimated SRB cell concentration in the planktonic phase 
ranged from 4.5 x 106 to 4.9 x 107 cells/mℓ. 
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Figure 5-28 The estimated cell concentrations of identified SRB (blue) and non-SRB (grey) of the 
attached, associated and planktonic communities of the lactate-supplemented LFCR, at a 
range of tested HRT including four-, three-, 1.5- and one-day HRT. The total magnitude 
of these communities was determined by direct cell counting, following, where applicable 
to, the use of the modified detachment protocol. The proportion of SRB within a 
community was determined through the identification of SRB OTUs following 16S rRNA 
amplicon sequencing. Genome-resolve metagenomics, where possible, was used to 
supplement and validify the identification of these SRB. Error bars represent one standard 
deviation are from the mean, as described in Figure 5-20. 
5.5.4 Changes in OTU composition linked to reactor performance 
Both the planktonic and biofilm communities showed extensive changes in the OTU composition 
of these communities as a result of decreasing the HRT. Hierarchical clustering was used to resolve 
the predominant OTUs of these communities based on their abundance across the inlet and 
effluent zone attached, associated and planktonic communities at a range of tested HRT into four 
all-encompassing clusters (Figure 5-29). One of these clusters grouped OTUs present 
predominantly in the biofilm communities at a four-day HRT. This included the SRB OTUs 
Desulfobulbus (58), Desulfatitalea (177) and Desulfarculus (97). Desulfatitalea (177), the most 
abundant of these SRB OTUs, was also identified in the effluent zone attached community of the 
acetate-supplemented UAPBR at a four-day HRT and previously concluded in Hessler et al. (2018) 
to play a role in sulphate scavenging in the effluent of this reactor.  
Desulfovibrio (6) and Sporomaculum (112) were present in the planktonic communities at a four-
day HRT but show almost complete washout at a three-day HRT. These SRB OTUs are not 
replaced by any other SRB in the planktonic communities until a two-day HRT when 
Chapter 5  Linear flow channel reactors   
132 
 
Desulfobacter (18) and Desulfomicrobium (1) become the predominant planktonic SRBs. These were 
also the predominating SRB within the biofilm communities at a one-day HRT. Desulfobacter (18) 
was identified within the biofilm community of the inlet zone of the acetate-supplemented UAPBR 
at a four-day HRT. This localisation of this OTU within the UAPBR suggests that it favours higher 
concentrations of sulphate and may play a role in the higher VSRR achieved in the inlet zone of 
this UAPBR.  
The sulphate conversion of the acetate-supplemented LFCR decreased from 69%, at a four-day 
HRT, to 47% at a one-day HRT and coincided with the washout of the Desulfovibrio (6) and 
Sporotomaculum (112). The poor performance of the acetate-supplemented LFCR at three-day to 
a 2.3-day HRTs is, therefore, attributed to the washout of these planktonic SRB. The resulting 
increased sulphate concentration in the reactor is thought to have prompted the changes in the 
SRB biofilm communities between a four- and one-day HRT. These changes in the biofilm 
communities were likely gradual, as is evident in the maintained VSRR of 6.9 mg/ℓ.h between a 
four- and 2.3-day HRT. The OTUs Desulfobacter (18) and Desulfomicrobium (1) found in the 
planktonic communities at a 1.5-day HRT are thought to have been seeded from the biofilm 
communities in which they were found at a one-day HRT. The role of the SRB within the biofilm, 
therefore, changes from that of scavenging sulphate not removed by the abundant planktonic 
Desulfovibrio (6) and Sporotomaculum (112) at a four-day HRT to becoming the predominant SRB 
within the reactor at a one-day HRT.  
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Figure 5-29 Hierarchical clustering of the relative abundance of the predominant OTUs in the 
planktonic, associated and attached microbial communities of the acetate-supplemented 
LFCR at a range of tested HRT including four-, three-, 1.5- and one-day HRTs (shown in 
parentheses in the column names). Hierarchical clustering of the coloumns (samples) was 
not performed. Relative abundances were ln(x +1) transformed and hierarchical clustering 
was performed using correlation distance and average linkage (Section 3.9). No row 
centring was performed. The reactor zone from which each sample was isolated, the 
microbial phase and the HRT at which the sample was recovered is shown above the 
heatmap and the legend shown on the right of the heatmap. 
 
The observed changes in the microbial composition of the biofilm and planktonic communities, 
omitting Lutaonella (0), means that the active sulphate reducing microorganisms at the start of the 
study were distinct from those performing sulphate reduction at a one-day HRT. The non-sulphate 
reducing microorganisms present in these communities, too, are distinct between the longest and 
shortest HRT. The change in the composition of the planktonic communities as a result of the 
increased dilution rates applied to the LFCRs was anticipated. However, the observed changes in 
the biofilm communities, of both LFCRs, was not. Few changes were expected to take place within 
the biofilms due to their resistance to cell washout at reduced HRTs. The observed changes 
indicate that the biofilms are far more dynamic than previously thought. It appears that these 
communities do not change as a direct result of the increased dilution rate but rather due to 
changes in the physiochemical environment as a consequence of changes within the planktonic 
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microbial communities. This is an important observation when considering the inoculum which 
should be used in these systems, as these may be optimised depending on the specified operating 
conditions. This was highlighted by Pruden et al. (2007) who saw differing performance in identical 
reactors which were inoculated with SRB inoculums from different sources.  
Substantial changes in the microbial communities of bioreactors, as a result of differing operating 
conditions, has been noted in various fields, including BSR (Zheng et al., 2014), wastewater 
treatment (Ding et al., 2019) and anaerobic digestion (Xu et al., 2018). The effect of various pH 
conditions on the resulting sulphate reducing microbial communities of bio-electrochemical 
systems was tested by Zheng et al. (2014). The communities which inhabited the studied 
bioreactor systems at pH of 4.5 and 6.5 were somewhat similar but shared no community 
members with an identical reactor operated at a pH of 8.5. The microbial communities of 
anaerobic digesters operated at differing hydraulic retention times, of 20- and 15-days, and organic 
loading rates were evaluated by Xu et al. (2018). These authors concluded that these varied 
conditions were strong deterministic factors based on changes seen these microbial communities. 
Ding et al. (2019) found that the HRT applied to wastewater-treating membrane bioreactors was 
a major selection factor for the resulting microbial communities of these systems. This was a 
remarkable finding considering cell-washout was prevented in these systems through the use of 
membranes.  
Apart from ensuring that BSR reactor inoculums contain a diverse group of SRB, it should be 
possible to design or supplement the inoculum with SRB known to perform well at the desired 
operating conditions, thus further ensuring robust performance. The re-inoculation of the acetate-
supplemented LFCR at a three-day HRT, with Desulfobacter (18) and Desulfomicrobium (1), may 
have allowed a more rapid recovery in reactor performance which was only seen at a two-day 
HRT. Whereas re-inoculation with a Desulfovibrio (6) rich culture may not have led to a significant 
improvement in reactor performance.  
 
5.6 The performance of the acetate- and lactate-supplemented 
LFCRs in the context of reported literature  
The performance of the acetate- and lactate-supplemented LFCRs was compared to that of other 
continuous semi-passive reactor systems described in the literature in Figure 5-30. The VSRR 
achieved by each of these reactors is shown against the applied VSLR. The number of variables 
which were controlled between these studies is minimal, often using genuine ARD from different 
mines, with differing complex substrates, differing pH and temperatures, making the comparison 
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of these studies difficult. However, the differences in the performance of each of these systems 
are discussed on the basis of the conclusions made within each of these studies. 
Spent mushroom compost (SMC) is a commonly used reactor matrix and complex carbon source 
for passive BSR systems. Das et al. (2012) demonstrated that a VSRR and sulphate conversion of 
8.1 mg/ℓ.h and 88%, respectively, could be achieved using synthetic ARD with a pH of 2.8, sulphate 
concentration of 2.6 g/ℓ and SMC as the substrate for sulphate reduction. These authors noted, 
however, that the SMC, needed to be replenished after 13 weeks. Similar conditions were used 
by Dvorak et al. (1992) and, even at the relatively long applied HRT of over seven days, were 
unable to observe considerable sulphate reduction. However, the sulphide which was generated 
in this reactor was enough to precipitate the majority of the metals entering the system. 
The passive to semi-passive reactor systems described in literature which achieve the highest 
VSRR, achieved through short operated HRT, are commonly supplemented with manure as a 
substrate for sulphate reduction (Vossoughi et al., 2003; Novhe et al., 2016; Vasquez et al., 2016; 
Neale et al., 2018). It is interesting to note that the acetate-supplemented LFCR demonstrates 
lower but comparable VSRR to that of Vasquez et al. (2016) at VSLR between 26-28 mg/ℓ.h. This 
demonstrates that the use of acetate and low concentrations of fermentable material, including 
yeast extract and citrate, can be employed to achieve similar VSRR and sulphate conversions 
achieved using potentially more expensive complex electron donors. 
Bayrakdar et al. (2009) demonstrated a VSRR and corresponding sulphate conversions of 37.5 
mg/ℓ.h and 90%, respectively, at VSLR of 42 mg/ℓ.h. This result was achieved using a baffled reactor 
supplemented with a lactate to sulphate ratio similar to that used in this study. The VSRR achieved 
by this reactor, using 1 g/ℓ sulphate and an HRT of two-days was nearly double that achieved by 
the lactate-supplemented LFCR described in this study. This indicates that the performance of the 
LFCR can be improved through minimising the proportion of lactate which is oxidised by 
fermentative microorganisms. 
The performance of the anaerobic acetate- and lactate-supplemented LFCRs, within this study, 
were compared to that of the hybrid LFCRs operated by Marais et al. (2020). These reactors were 
operated with the same reactor feed, temperature, volume, sulphate concentrations and similar 
HRT. The comparison, therefore, sought to identify whether the operation of these reactors as a 
hybrid, sulphate reducing and sulphide oxidising, system would hinder sulphate reducing 
performance through the routine collapsing and harvesting of the floating sulphur biofilm. This was 
performed by Marais et al. (2020) and was shown to lead to brief periods of oxygen ingress. At a 
two-day HRT, the acetate- and lactate-supplemented hybrid LFCRs both achieved a VSRR of 
approximately 11 mg/ℓ.h corresponding to sulphate conversions of approximately 52%. This was 
similar to the 12 mg/ℓ.h VSRR achieved by the acetate-supplemented LFCR of this study, at a two-
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day HRT, and greater than the 9.0 mg/ℓ.h VSRR achieved by the lactate-supplemented LFCR within 
this study. This indicates that the sulphate reducing performance of these LFCRs is not substantially 
hindered by the operation of these systems as hybrid reactor systems.  
 
 
Figure 5-30 The volumetric sulphate reduction rate (VSRR) achieved by the acetate- and lactate-
supplemented LFCRs of this study and selected continuous reactor studies from literature, 
at varied volumetric sulphate loading rates (VSLR) as shown in the legend. Details of the 
selected study are included in the figure legend including the sulphate concentration and 
supplied electron donor. Numerous operating conditions and environmental factors vary 
between these studies and are too numerous to describe here. Sulphate conversion can 
be visually be determined through comparisons with lines plotted: 100% conversion – solid 
line, 66% conversion – dashed line, 33% conversion – dotted line. 
 
The BioSURE process utilised primary sewage sludge as an electron donor for sulphate reduction 
within a reactor system remediating ARD (Rose, 2013). This process was able to reduce sulphate 
concentrations to below 100 mg/ℓ (1.04 mM) at HRT as short as 12 hours. The process has also 
shown to be highly effective at removing the metals in the ARD through precipitation with the 
sulphide produced through sulphate reduction. The main vulnerability of this process identified by 
Rose (2013) was the potential for the production of toxic sulphide in the effluent at levels which 
become hazardous. Few studies, including those described above, address the management and 
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release of sulphide into the environment. An alternative approach to prevent the release of 
sulphide into the environment is to directly remove sulphate in the ARD through precipitation 
and not through sulphate reduction to sulphide. This formed the major rationale for the ABC 
process developed by the CSIR (de Beer et al., 2010). Although highly effective at addressing the 
acidity, heavy metals and sulphate associated with aggressive ARD the application of this process 
is dependent on the availability of these reagents and has large CAPEX and OPEX requirements. 
The LFCR supplemented with acetate shows considerable sulphate-reducing performance 
compared with other studies in the literature. This competitive performance achieved using this 
inexpensive electron donor warrants further investigation. The LFCR supplemented with lactate, 
however, does show reduced performance against other semi-passive systems using lactate, and 
even the acetate-supplemented LFCR. The current configuration and operation of this reactor 
would require modification and improved performance before further scale-up using this electron 
donor. 
5.7 Conclusions 
The lactate-supplemented LFCR underperformed against the lactate-supplemented CSTR and the 
acetate-supplemented LFCR. This outcome was surprising considering this reactor had an 
approximately ten-fold higher biomass retention than the CSTR and the kinetics of SRB growth 
on lactate far exceeds the respective growth using acetate. This reactor was able to achieve a 
maximum VSRR of 14.8 mg/ℓ.h of at a one-day HRT, corresponding to a sulphate conversion of 
just 35%. This provided a valuable opportunity to study the changes in the microbial communities 
of this reactor as the performance of this reactor declined from well-functioning at a four-day 
HRT.  
The SRB within the planktonic community of this reactor were highly susceptible to the reduction 
in HRT, with considerable reductions in the abundance of Desulfovibrio (6) and Desulfomicrobium 
(1) occurring between a four- and three-day HRT. Inversely, a dramatic increase in the abundance 
of Veillonella (11) occurred during the same period. The high concentration of sulphide likely 
prevented the growth of this Veillonella at a four-day HRT but, with the decrease of the planktonic 
SRB and the corresponding sulphide concentration, was able to become dominant from a three-
day HRT onwards. This fermentative microorganism, particularly within the planktonic phase, is 
thought to be one of the major competitors with SRB for lactate, while the reliance on the 
planktonic SRB for sulphate reduction ultimately led to the poor performance of the reactor.  
In addition to the poor lactate conversion by SRB in this reactor, little acetate oxidation by SRB 
or non-sulphate reducing microorganisms was observed within this system during the study. This 
not only represents an unutilised electron donor for sulphate reduction but also an unwanted by-
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product which was expected to have been removed by microorganisms through immobilisation of 
biomass on the incorporated solid support structures. No SRB specifically implicated in acetate 
oxidation within other reactors were identified in this system. Inoculation or re-inoculation of this 
reactor with an acetate-utilising, sulphidogenic microbial culture would have likely aided in both 
sulphate reduction and COD removal in this reactor system. 
In contrast, the acetate-supplemented LFCR performed well compared to the BSR reactors 
operated in this study and semi-passive reactor systems described in literature. The performance 
of this solely anaerobically-operated LFCR was similar to that of the dual sulphate reducing and 
sulphide oxidising LFCR operated by Marais et al. (2020). This indicates that the exposure of these 
hybrid BSR reactors to brief periods of oxygen ingress, whilst the floating sulphur biofilm is still 
forming, does not substantially hinder the sulphate reducing performance.  
The acetate-supplemented LFCR exhibited a maximum observed VSRR of 17.1 mg/ℓ.h at a one-
day HRT. The relatively small difference between the observed and predicted acetate 
concentration in this reactor provides strong evidence that the sulphate reduction is 
predominantly linked to acetate oxidation. However, the widespread distribution of genes 
encoding hydrogen-generating and hydrogen-consuming hydrogenases, together with genes for 
autotrophic pathways in a number of SRB and other Proteobacteria and Bacteroidetes (Chapter 
8) is thought to indicate hydrogen cycling and potential autotrophy in this reactor. This was 
particularly evident in the agreement between the observed bicarbonate and that predicted to be 
produced as a result of acetate oxidation linked sulphate reduction – not accounting for the 
metabolisms of citrate and yeast extract consuming microorganisms. This, therefore, indicated a 
deficit of bicarbonate. This deficit in bicarbonate is not fully understood, however, autotrophic 
growth provides a possible explanation. 
The planktonic and biofilm communities of this reactor showed remarkable changes in their 
composition as a result of the reduction in the applied HRT. Desulfovibrio (6) and Sporotomaculum 
(112) were the predominant SRB in the planktonic community at a four-day HRT but exhibited 
near-complete washout at a three-day HRT. Desulfobacter (18) and Desulfomicrobium (1) then 
became dominant in this community at a 1.5-day HRT, corresponding with improved reactor 
performance. It is concluded that these SRB were likely inoculated into the planktonic phase from 
the biofilm once they had become dominant in these biofilm communities. Desulfobacter (18) and 
Desulfomicrobium (1) replaced other SRB in these biofilm communities, the predominant of which 
was Desulfatitalea (177). This SRB had been identified in the effluent zone of the acetate-
supplemented UAPBR and had consequentially been concluded to be a sulphate scavenger. It is 
therefore suggested that the role of SRB in the biofilm of this reactor changed from scavenging 
sulphate which was not consumed by dominant SRB present at a four-day HRT to becoming the 
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prevailing sulphate reducers in the reactor. The dramatic changes in the SRB composition in this 
reactor and the differing roles these likely SRB fulfil has important implications for the development 
and designing of BSR reactor inocula.  
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6.1 Introduction 
The up-flow anaerobic packed bed reactor configurations (Section 3.3.3) were selected for this 
study as they offer a low-cost and highly implementable reactor configuration for the treatment 
of ARD. These reactor configurations offer high biomass retentions and are attractive for semi-
passive treatment when operated as down-flow PBRs (Kaksonen and Puhakka, 2007). The 1 ℓ 
UAPBRs of this study were packed with polyurethane foam cubes of approximately 8 cm3. The 
foam displaced 2.5% (40 mℓ) of the total volume of the reactor. Although displacing a relatively 
small proportion of the reactor volume, this carrier proved to be highly effective at retaining high 
biomass concentrations within the reactors. The incorporation of polyurethane foam was 
hypothesised to facilitate microbial colonisation through biofilm formation and thereby lead to the 
decoupling of the hydraulic and biomass retention times. It was also hypothesised that the 
microbial communities throughout the height of these reactors would show indications of 
stratification due to the continuum of changing reactor conditions along the length of these plug-
flow reactors.  
6.1.1 Experimental approach 
The acetate- and lactate-supplemented UAPBRs were initially operated at a four-day HRT (0.010 
h-1) and upon stable operation, the HRT study was begun with the iterative reduction of the HRT, 
until a final tested HRT of one-day (0.042 h-1). Solution chemistry data were collected from 
solution drawn via sampling ports positioned at the boundary between the 0.33 ℓ inlet- and middle 
zones, between the middle and effluent zones and just below the effluent port of the effluent zone. 
Solution chemistry data were analysed as described in Section 3.5 of Chapter 3 . 
The planktonic communities were quantified by direct cell counting at steady-state at each tested 
HRT (Section 3.6.1). These communities were further assessed through 16S rRNA gene 
metagenomics at four-, three-, two- and one-day HRTs. The biofilm communities of these reactors 
were assessed twice during the study to minimise oxygen and desiccation stress to the microbial 
communities of these reactors. When assessing the biofilm communities in the reactors, each of 
the 0,33 ℓ zones of the UAPBRs was further demarcated into two zones of approximately 0.167 ℓ. 
These zones were numbered one to six (Figure 3-5), with one at the inlet port (bottom of the 
reactor) and six at the effluent port (top of the reactor). Biofilm communities were quantified 
using the modified detachment protocol, followed by direct cell counting, at a four- and one-day 
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HRT (Section 3.6.2). Biofilm associated microbial communities within these reactors were 
assessed through 16S rRNA metagenomic sequencing at four- and one-day HRTs. 
 
6.2 Lactate UAPBR Results 
6.2.1 Reactor performance 
The lactate-supplemented UAPBR was able to convert over 90% of the 1000 mg/ℓ (10.41 mM) 
sulphate at each tested HRT, achieving greater than 95% conversion at five of the eight tested 
HRTs, including a one-day HRT (Figure 6-1A). The inlet zone of the lactate UAPBR consumed 
approximately 600 mg/ℓ (6.25 mM) sulphate at a four-day HRT (0.010 h-1). The amount of sulphate 
consumed in this zone gradually decreased with increasing dilution rate to a minimum of 435 mg/ℓ 
(4.53 mM) at a one-day HRT (0.042 h-1). The reduction in the HRT from four days to three-days 
and 2.6 days represented a notable perturbation to the performance of the inlet zone. The two 
residual sulphate concentrations leaving the inlet zone, at these two HRT, are taken to be outliers 
due to the subsequent increase in sulphate conversion (Figure 6-1A) and VSRR (Figure 6-4) 
exhibited by this zone improved at even further reduced HRT. 
The sulphate leaving the inlet zone at each HRT was largely consumed in the middle-zone. The 
variation in sulphate consumption in this zone did not vary much with increasing dilution rates. 
The average sulphate consumed within the middle zone was 320 mg/ℓ (3.33 mM) sulphate with a 
standard deviation of 32 mg/ℓ (0.33 mM) when omitting the data points collected at 3- and 2.6-day 
HRTs (0.014-0.016 h-1). The effluent zone saw little sulphate until a two-day HRT (0.021 h-1), after 
which the sulphate consumption in this zone increased with increasing dilution rate. This zone 
consumed 130 mg/ℓ (1.35 mM) sulphate at a 1.5-day HRT, 166 mg/ℓ (1.73 mM)at a 1.3-day HRT 
and 212 mg/ℓ (2.21 mM) sulphate at a 1.0-day HRT. 
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Figure 6-1 Steady-state kinetic data of the lactate-supplemented UAPBR across a range of dilution 
rates, including the residual sulphate (A), sulphide produced and the predicted sulphide 
concentration based on the observed sulphate reduced (B); the produced bicarbonate 
concentration calculated from the difference between the observed and feed bicarbonate 
concentrations (C); and the observed VFA profile describing the concentrations of acetate 
propionate and lactate leaving the sequential inlet, middle and effluent zones (D). 
 
The predicted sulphide concentration, based on the observed sulphate reduced, (Figure 6-1B) 
largely agreed with the observed sulphide concentrations in each of the three zones. The lactate 
UAPBR showed the highest observed sulphide concentrations of any reactor investigated in this 
study. The sulphide concentration reached 150 - 200 mg/ℓ (4.4 - 5.9 mM)at the boundary between 
the inlet and middle-zones and in excess of 300 mg/ℓ (5.87 mM)in the reactor effluent at all tested 
HRT, corresponding with the high sulphate conversions achieved. 
The produced bicarbonate concentrations remained stable (Figure 6-1C) between a 2.6- and 1.0-
day HRT (0.016 - 0.042 h-1) at approximately 20 mM. At a three-day HRT (0.014 h-1), the 
bicarbonate concentration was elevated at 27 mM. Almost all lactate provided was consumed 
within the inlet zone at each tested HRT. Citrate, provided in the reactor feed at 1.1 mM, was 
consumed in the inlet zone at each tested HRT. Propionate was observed leaving the inlet zone 
at an average of 165 mg/ℓ (2.26 mM), omitting the three- and 2.6-day HRT where the detected 
propionate concentrations were elevated, to 336 (4.60 mM) and 285 mg/ℓ (3.90 mM), respectively. 
This elevated propionate concentration at a three- and 2.6-day HRT corresponds with the reduced 
sulphate reducing performance of the inlet zone at these HRT and increased metabolism of lactate 
by fermentation. The majority of the propionate produced in the inlet zone, at each tested HRT, 
was subsequently consumed within the middle-zone. High concentrations of acetate were 
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observed leaving each zone but are within predicted estimates based on the degree of lactate 
oxidation and sulphate reduction observed. 
The pH remained between 7.0 and 7.5 in each zone for the duration of the HRT study, with the 
pH increasing gradually with progression through the reactor zones (Figure 6-2A). The redox 
potential remained highly negative, with little variation between reactor zones, throughout the 
study. However, the redox potential did increase between a three-day HRT (0.014 h-1), where a 
redox potential of -195 mV was observed, and a two-day HRT (0.021 h-1) where a redox potential 
of approximately -145 mV was observed and maintained for the remainder of the study. 
 
Figure 6-2 Steady-state kinetic data of the lactate-supplemented UAPBR at a range of tested dilution 
rates, including (A) the pH and (B) redox potential (reported relative to a standard 
hydrogen electrode) of the solution leaving each of the sequential inlet, middle and effluent 
zones. 
The VSRR exhibited by the lactate supplemented UAPBR (Figure 6-3) increased linearly with 
increasing VSLR, maintaining a sulphate conversion of over 90% for the duration of the study and 
demonstrating a maximum VSRR of 40.1 mg/ℓ.h at a one-day HRT (0.042 h-1). The UAPBR offered 
a nearly 50% increase in sulphate conversion, at each tested HRT, over the similarly operated 
lactate-supplemented CSTR (Section 4.2.1). The sulphate conversion exhibited by this CSTR 
showed the largest decrease between a 1.3- and 1.0-day HRT and corresponded with the decrease 
in cell concentration in this reactor. In contrast, a decreased sulphate conversion between a 1.3- 
and 1.0-day HRT was not observed for the lactate-supplemented UAPBR. 
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Figure 6-3 Volumetric sulphate reduction rates (VSRR) achieved by the (●) lactate-supplemented 
UAPBR at volumetric sulphate loading rates (VSLR) increased through the increasing of 
the dilution rate, corresponding to hydraulic retention times ranging from four- to one-
day, whilst keeping the feed sulphate concentration constant at 1 g/ℓ. The VSRR achieved 
by the (●) similarly operated lactate-supplemented CSTR is shown for comparison. VSRRs 
were calculated based on the residual concentrations measured leaving the effluent of the 
reactors. Error bars representing one standard deviation from the mean are plotted. 
Sulphate conversion can be visually determined through comparisons with plotted lines: 
100% conversion – solid line, 75% conversion – dashed line; 50% conversion – dotted line. 
 
In the 0.33 ℓ inlet zone, a maximum VSRR of 54 mg/ℓ.h was achieved at a one-day HRT (0.042 h-
1). The VSRR of the inlet zone appeared to increase linearly (R2 = 0.94; see Section 6.2.2) with 
increasing dilution rate, with the sulphate conversion ranging between 40 and 60%. The middle- 
and effluent-zones, receiving lower concentrations of sulphate, did not demonstrate VSRR of this 
magnitude. However, they were able to sustain higher conversions of the incoming sulphate in 
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each respective zone (53 to 92%) This ultimately led to near-complete sulphate conversion of the 
1 g/ℓ sulphate over the length of the entire reactor.  
 
 
Figure 6-4 The volumetric sulphate reduction rate (VSRR) achieved by each of the lactate UAPBR’s 
0.33ℓ inlet, middle and effluent zones versus (A) the applied dilution rate to that zone and 
(B) the volumetric sulphate loading rate (VSLR) calculated based on the concentration of 
sulphate entering the zone and the applied flow rate. Sulphate conversions achieved by 
each zone can be visually determined against the plotted lines: 100% conversion – solid 
line; 75% conversion -dashed line; 50% conversion – dotted line. 
 
Biomass retention 
The planktonic cell concentrations of the middle and effluent zones remained relatively stable, at 
approximately 2 x 108 cells/mℓ, for the duration of the HRT study (Figure 6-5). The planktonic cell 
concentration in the effluent zone was, on average, lower than that of the middle-zone by 5 x 107 
cells/mℓ. The inlet zone supported a similar concentration of planktonic cells to the middle- and 
effluent zones between and including a four-day and 2.3-day HRT (0.010 - 0.018 h-1). The 
planktonic cell concentration in the inlet zone more than doubled between a 2.3- and two-day 
HRT (0.018 - 0.021 h-1) reaching a maximum cell concentration of 1.5 x 109 cells/mℓ at a 1.5-day 
HRT (0.028 h-1). This increase in cell concentration corresponded with the change in the 
consistency of the solution drawn from this zone changing from a clear to an opaque-grey coloured 
and viscous solution. This may be from the gradual settling of planktonic cells and detached biofilm 
over the duration of the study, which had at this time been operated continuously for more than 
985 days. The solution drawn directly from the inlet port was of similar colour and consistency. 
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Figure 6-5 Planktonic cell concentrations in the lactate UAPBR inlet, middle and effluent zones at 
each tested dilution rate, determined through direct cell counting. All displayed data points 
carry error bars which represent one standard deviation from the mean.  
 
The concentration of cells attached to- and associated with the polyurethane foam showed a clear 
decreasing trend through the zones of the UAPBR (Figure 6-6), at both the initial four- and one-
day HRTs. The cell concentration in zone 1 of the inlet zone’s attached community were 5.4 x 
1010 and 2.2 x 1010 cells/ml at a four-day and one-day HRT, respectively. The biofilm communities 
of zones 2 to 5 were not quantified at a four-day HRT, however, polyurethane foam was recovered 
and biofilm-associated microbial communities assessed from each of the six zones of the UAPBR 
at a one-day HRT. At a one-day HRT (Figure 6-6B), the biofilm attached cell concentrations 
decrease gradually between 2.2 x 1010 cells/mℓ in zone 1, to 1.5 x 1010 cells/mℓ in zone 3. The 
biofilm attached cell concentration then decreased abruptly in zone 4 to 2.6 x 109 cells/mℓ and 
further to 5 x 108 cells/mℓ in zone 6. The concentration of attached cells in zone 6 at a one-day 
HRT, of 5 x 108 cells/mℓ was ten-fold greater than the 5 x 107 cells/mℓ cell concentration observed 
at a four-day HRT. The associated cell concentration, at a one-day HRT, decreased linearly from 
8.8  x 109 cells/mℓ in zone 1 to 1.5 x 109 cells/mℓ in zone 5 (R2 = 0.97) and to 1.2 x 109 cells/mℓ in 
zone 6. The ratio of associated to attached cell concentration, therefore, decreases between the 
inlet to effluent zones, from 2.5:1 in zone 1 to almost 1:1 in zone 4. A similar observation was 
made at a four-day HRT, the associated cell concentration, in each zone at a one-day HRT, was 
approximately 10-fold greater than that of the planktonic cells within the same reactor zone.   
SEM was used to visually inspect the surface of the polyurethane foam isolated from each of the 
six reactor zones at a one-day HRT (Figure 6-7). Thick microbial mats and amorphic clumps of 
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cells were visible colonising the surface of the polyurethane foam removed from each of the six 
(0.167 ℓ) zones of the UAPBRs. 
 
Figure 6-6 Cell concentration of the total cells present in the biofilm attached, biofilm-associated and 
planktonic microbial communities throughout the six sequential 0.167 ℓ zones of the 
lactate supplemented UAPBR at a four-day HRT (0.010 h-1; A) and one-day HRT (0.042 h-
1; B). Error bars represent one standard deviation from the mean of two replicates each 
counted in duplicate. 
The morphology of the cells, which made up these biofilms, were primarily rod and vibrio shapes 
with some cocci. Thick EPS was most evident on the polyurethane foam isolated from zones 1 
and 2. Anchoring fibres and pores within the biofilm were evident on the surface of the foam 
isolated from each reactor zone. Lemon-shaped morphologies were observed in zones four, five 
and six and are likely Desulfobulbus (Widdel and Pfennig, 1982) which were detected in these 
attached communities using gene amplicon sequencing (Figure 6-14)
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Figure 6-1 Scanning electron micrographs of the 
surface of the polyurethane foam 
packing within the lactate-
supplemented UAPBR, isolated 
during the defined one-day HRT 
steady-state period. Polyurethane 
foam was isolated from zone 1(A-C), 
zone 2 (D-F), zone 3 (G-I), zone 4 (J-
L), zone 5 (M-O) and zone 6 (P-R). 
Scale bars are shown in each 
micrograph. 
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Figure 6-7 Continued 
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6.2.2 Sulphate reduction performance model 
The sulphate reducing performance of the lactate UAPBR was modelled as a spontaneous, 
irreversible, nth order reaction, with rate constant k, according to Equation 3-17. This expression 
does not allow the order of reaction, n, to be equal to one as this causes the expression to become 
undefined. Solving for n with the boundary condition that n≠1 causes n to approach one from 
values above and below one (Figure 6-8). 
 
Figure 6-8  Sum of squared error (SSE, Equation 3 22) of the observed data against that modelled 
using with various k and n values using Equation 3-17. The size of the circles is indicative 
of the magnitude of the SSE which is shown within the circle. Using this model, the SSE 
was minimised as n approached 1.0 with a rate constant, k, of 0.0695 h-1. 
 
This indicated that the sulphate reduction reaction in this reactor could be described by a first-
order reaction and therefore was better described by Equation 3-21 (shown below) where rA is 
the volumetric sulphate reduction reaction rate, F is the flow rate applied to the reactor, V is the 
volume of the reactor or reactor zone(s), C0 is the initial sulphate concentration entering the 
zone/reactor and k is the rate constant with the units time-1.  
   Equation 3-21 
Applying the non-linear regression generalised reduced gradient (GRG) method to the observed 
data produced a rate constant, k, of 0.06955 h-1 (Figure 6-9 and Figure 6-10). The standard error 
associated with this model was 4.18, the 95% confidence interval equal to 8.41 and the model fits 
the data with an R2 of 0.89 (Section 3.7.3). The first-order nature of the modelled reactor kinetic 
data indicates that the rate of sulphate reduction is directly proportional to the concentration of 
the sulphate substrate. According to this model, the rate of sulphate reduction approaches 
𝑟𝐴 = −
𝐹
𝑉
(
𝐶0
ⅇ
𝑉.𝑘
𝐹
− 𝐶0)  
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71 mg/ℓ.h, with a starting sulphate concentration of 1000 mg/ℓ, as F/V approaches infinity. The rate 
of sulphate reduction, at this starting sulphate concentration of 1000 mg/ℓ, would reach 56 mg/ℓ.h 
at an F/V of 0.15.  
 
 
Figure 6-9 Modelled sulphate reduction reaction rate data at various flow rate to volume ratios (F/V) 
with (A) various starting sulphate starting concentrations (C0) as shown in the legend. 
Observed sulphate reduction reaction rates (B) from the inlet, composite inlet and middle 
zone and entire reactor are plotted against the modelled reaction rate with C0 of 1000 
mg/ℓ sulphate and 95% confidence intervals. 
 
The predicted and observed sulphate reduction rates, together with their residuals, of all zones 
and composite zones, are shown in Figure 6-10. The residuals of the observed and predicted rates 
for most zones and composite zones were relatively low. The difference between the residual and 
the predicted reaction rates differed by, on average, 12% of the predicted reaction rate. The 
residuals of the observed and predicted rates of the inlet zone alone, however, were some of the 
highest determined, with the predicted reaction rates generally being overestimated. The modelled 
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sulphate reduction of the 0.33 ℓ middle and effluent zones and the 0.66 ℓ middle-effluent zones 
agreed well with the sulphate reduction rates observed in these zones (Figure 6-10). The sulphate 
concentration entering these zones and composite zones was less than 1000 mg/ℓ and is the reason 
these observed and predicted sulphate reduction rates do not lie on the curve generated in Figure 
6-9. The sulphate reduction rates observed in the middle- and effluent-zones at a one-day HRT, 
however, were considerably greater than those predicted. 
 
 
Figure 6-10  The (A) observed (closed circles) and predicted (open circles) sulphate reducing reaction 
rates of the individual and composite reactor zones of the lactate UAPBR at various tested 
flow rate to volume ratios (F/V). Predicted rates were based on Equation 3-21 which 
describes a spontaneous, first-order irreversible reaction in a plug flow reactor with a rate 
constant, k, of 0.069 h-1. The residuals (B) of the observed rates minus the modelled rates 
are shown. 
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6.2.3 Microbial ecology of the planktonic communities 
The microbial community structure of the UAPBR planktonic communities, at the phylum and 
class level, remained consistent across the HRT study. The communities, at each HRT, were made 
up of the Bacteroidetes, Proteobacteria, Firmicutes and Synergistetes to between 80 and 90% of 
the entire community (Figure 6-11). Proteobacteria classified to classes other than 
Deltaproteobacteria increased from <5% relative abundance at a four-day HRT (0.010 h-1) to 7 - 
30% at reduced HRT.  
Comparing the communities at this level saw little variation between the inlet, middle and effluent 
zones – except, the relative abundance of Firmicutes. Firmicutes saw, on average, an 8-fold 
reduction in abundance between the inlet and middle zone planktonic communities. This reduction 
was only observed between the middle and effluent zones at a two-day HRT (0.021 h-1), where 
the greatest degree of lactate fermentation had taken place (inferred from the propionate 
concentration, Figure 6-1) and the sulphate conversion in the inlet zone was the lowest observed 
(Section 6.2.1). 
 
 
Figure 6-11 Relative abundance of the predominant microbial classes within the planktonic 
communities of the inlet, middle and effluent zones of the lactate UAPBR at dilution rates 
corresponding to four- (0.010 h-1), three- (0.014 h-1), two- (0.021 h-1) and one-day (0.042 
h-1) HRTs, respectively. The phyla to which each class belongs are shown in parentheses. 
 
The relative abundance of the 17 most abundant OTUs seen in the lactate UAPBR planktonic 
communities is shown in Figure 6-12. These 17 OTUs constitute between 69 and 88% of these 
communities at each of the four tested HRTs. The predominant SRB were two Desulfovibrio OTUS 
(OTU 6 and OTU 84, respectively) and a Desulfomicrobium OTU (OTU 1). Desulfovibrio (6) and 
Desulfomicrobium (1) were also the predominant SRB identified in the lactate CSTR (4.2.2). The 
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ratio between these SRB varies greatly between HRT and reactor zone. However, these 
fluctuations do not show a discernible pattern within this data. The Veillonella OTU (11) makes up 
a considerable proportion of the planktonic community of the inlet zone, but reduces considerably 
in the middle and effluent zones, corresponding with the class and phylum level data discussed 
above. 
 
Figure 6-12 The relative abundance of the most abundant OTUs in the planktonic communities of the 
lactate UAPBRs (A) effluent, (B) middle and (C) inlet zones at dilution rates corresponding 
to a four-, three-, two- and one-day HRT. OTUs are coloured by taxonomy: 
Deltaproteobacteria – blue, other Proteobacteria – purple, Bacteroidetes – green, 
Firmicutes – red, Synergistetes – yellow, and other phyla – grey. 
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6.2.4 The microbial ecology of the biofilm communities 
The biofilm communities of the lactate-supplemented UAPBR were dominated by 
Deltaproteobacteria up to 48% - the highest proportions seen in any of the six reactors operated 
in this study (Figure 6-13). This class was mostly constituted by SRB and, in some instances, an 
OTU classified as Geobacter - a microorganism implicated in metal, but not dissimilatory sulphate 
reduction (Methé et al., 2003; Barlett et al., 2012; Handley et al., 2013). The lack of genes for 
dissimilatory sulphate reduction, including dsrAB, aprAB and sat, in this microorganism was 
confirmed through the genome-resolved metagenomics employed in this study (Chapter 8 ). The 
classes of Bacteroidetes: Flavobacteria and Bacteroidia, together with Proteobacteria made up 55 
- 85% of the total biofilm communities. Changes in the abundance of these classes were not 
observed across the six sequential 0.167 ℓ zones of this reactor. Firmicutes and Spirochaetes, 
however, were typically higher in abundance in the first three zones of the reactor. Inversely, the 
class of Thermotogae were enriched in the final three zones of this reactor, at both four- and one-
day HRTs. 
The proportion of Firmicutes present in the biofilm communities decreased from more than 20% 
at a four-day HRT to approximately 10% at a one-day HRT, with a corresponding increase in the 
Bacteroidetes class of Flavobacteria at a one-day HRT. 
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Figure 6-13 Relative abundance of the predominant microbial classes within the attached- and 
associated-biofilm communities of the six sequential zones of the lactate UAPBR at a four- 
and one-day operated HRTs. The phyla to which each class belongs are shown in 
parentheses. 
 
 
Although not evident at the class taxonomic level, there was clear evidence of stratification of 
individual OTUs throughout the biofilm communities of the lactate-supplemented UAPBR. 
Desulfovibrio (6) and Desulfomicrobium (1) were the dominant SRB present in the attached and 
associated communities of zone one, at a four-day HRT, and zones one to three at a one-day HRT 
(Figure 6-14). At a four-day HRT Desulfovibrio (6) is greater than three-fold more abundant than 
Desulfomicrobium (1), however, this ratio inverts with Desulfomicrobium becoming the dominant 
SRB OTU in the biofilm at a one-day HRT. The SRB OTU Desulfobulbus (27), an OTU matching 
one of the few SRB genomes containing genes necessary for propionate oxidation (Section 8.5.2 
and Figure 8-5), was dominant in zones 4 and 5 (>20% relative abundance). Desulfobacter (18) and 
Desulfosarcina (53) were present in zones 3 to 6, while Desulfatiglans (91) was dominant in zones 
5 and 6. 
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Figure 6-14 Relative abundance of the predominant OTUs within the attached- and associated-biofilm 
communities of the six sequential zones of the lactate UAPBR at four- and one-day HRTs. 
The OTUs are colour shaded based on their higher taxonomic classifications. Briefly, 
Deltaproteobacteria are shown in blue, Bacteroidetes in green, Firmicutes in red, 
Spirochaetes in orange, Synergistales in yellow and other phyla in grey.  
 
6.3 Lactate UAPBR Discussion 
6.3.1 The lactate UAPBR sulphate reduction rate model  
The sulphate concentrations leaving each of the three reactor zones, at each tested flow rate, was 
predicted using the model described in Section 6.2.2 (Figure 6-15). The residual sulphate 
concentrations were predicted using a C0 of 1000 mg/ℓ in the inlet zone, the concentration of 
sulphate leaving the inlet zone for the middle zone, and the concentration of sulphate leaving the 
middle for the effluent zone. 
The observed and predicted sulphate concentrations, leaving the middle and effluent zones, 
differed by less than 100 mg/ℓ at each tested flow rate, with a mean difference of 35 mg/ℓ. However, 
this model was not able to accurately predict the sulphate reducing performance of the inlet zones 
at lower dilution rates. The deviation of the observed from the modelled reaction rates in the 
inlet zone could indicate limitations in the inlet zone that were not present in the rest of the 
reactor. This could include limited mass transfer through the thicker biofilm of the inlet zone or 
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through reaching a maximum biomass concentration in this zone. It is also possible that the mode 
or mechanism of the sulphate reduction reaction in the inlet zone differs from that in the middle 
and effluent zones and would, therefore, require a different equation to describe it.   
 
Figure 6-15 The observed and predicted residual sulphate concentrations leaving the inlet, middle and 
effluent zones of the lactate UAPBR at varying applied dilution rates. The predicted 
sulphate concentrations were predicted using the model described in Section 6.2.2. This 
model describes a first-order, spontaneous, irreversible chemical reaction in a plug-flow 
reactor with a rate constant, k, of 0.06955 h-1. Predictions were made using the observed 
concentration of sulphate leaving the inlet zone as the initial sulphate concentration 
entering the middle zone, and the observed concentration leaving the middle zone as the 
initial concentration entering the effluent zone. Outliers in the data are lined. The sulphate 
concentration entering the inlet zone was maintained at 1000 mg/ℓ across the dilution 
rates tested. 
 
Overlaying the VFA profile over the sulphate reduction rate profile across zones and tested HRT 
provides the simplest explanation. The sulphate reducing performance of the inlet zone at a 0.014 
and 0.016 h-1 dilution rate were excluded from the refining of the term for the rate constant as 
these were concluded to be outliers. These were deemed to be outliers as the sulphate conversion 
at these timepoints decreased from a dilution rate of 0.010 h-1, but then improved substantially at 
even greater dilution rates. The propionate concentration leaving the inlet zone at these two 
dilution rates were the highest seen for this reactor (336 and 285 mg/ℓ, respectively) compared 
with an average of 162 mg/ℓ (2.22 mM) for all other tested dilution rates (Figure 6-1D). It is thought 
that the competition of SRB (using lactate oxidation) with other microorganisms (performing 
lactate fermentation) for lactate in the inlet zone is one of the factors which limits the rate of 
sulphate reduction. The degree of lactate fermentation in the lactate UAPBR was greater than 
observed in both the lactate-supplemented CSTR and LFCR (Figure 6-16). 
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The assumed constant rate constant, k, across the reactor and flow rates may not hold true for 
the inlet zone of the reactor. Lactate oxidation is restricted to the inlet zone. The competition 
for lactate in this zone between SRB and fermentative microorganisms may give rise to the greatest 
variability in performance due to fluctuating dominance between these two groups. This is evident 
in the reaction rates observed over the inlet zone at a three- and 2.6-day HRT (0.014 and 0.016 h-1, 
respectively) which were assumed to be outliers and not included in the refining of the rate 
constant.  
6.3.2 Electron donor utilisation within the inlet zone 
The consumption of lactate by SRB and fermentative microorganisms was almost entirely 
restricted to the inlet zone. The highest concentration of lactate observed entering the middle 
zone was 53 mg/ℓ, having decreased from the lactate concentration of 1200 mg/ℓ (13.32 mM) in 
the feed, at a 1.3-day HRT (0.032 h-1). The degree of lactate fermentation was calculated based on 
the molar concentration of propionate leaving the inlet zone (Figure 6-16). This calculation is 
performed assuming that no propionate had been consumed before leaving the inlet zone and that 
all propionate was produced through lactate fermentation. These assumptions are supported by 
the SRB OTU Desulfobulbus (27) being specifically enriched in zones of propionate oxidation. This 
OTU showed minimal abundance in zone 1 and 2 of the biofilm communities at a one-day HRT 
but was prevalent in zones 3 to 6 (Figure 6-14).  
The degree of lactate fermentation showed little variation across the HRT study when data 
collected at dilution rates of 0.14 and 0.16 h-1 was omitted (Figure 6-16). The average quantity of 
the 1200 mg/ℓ (13.32 mM) lactate feed undergoing fermentation was estimated to be 
approximately 25% (300 mg/ℓ) with a standard deviation of 5%. At dilution rates of 0.14 and 0.16 
h-1, the amount of lactate undergoing fermentation was estimated to be approximately 49% (591 
mg/ℓ) and 42% (506 mg/ℓ), respectively. The elevated lactate fermentation at these two time-points 
corresponds with the lower than average sulphate conversions (38 and 44%, respectively) 
observed in the inlet zone. The degree of lactate fermentation in the lactate UAPBR was greater 
than that seen in the lactate CSTR (average of 22% feed lactate; Section 4.3.2) at almost all tested 
HRT. This may be either a consequence of the lower sulphide concentrations in the UAPBR near 
the inlet, leading to less inhibition of fermentative microorganisms, or the result of immobilisation 
of fermentative microorganisms on the polyurethane foam within this zone. It is assumed that the 
amount lactate that was oxidised, but not associated with fermentation, was instead linked to 
sulphate reduction by the SRB population within the reactor community. The amount of lactate 
oxidation which was not linked to sulphate reduction nor assumed to be fermented is shown as 
“unaccounted” in Figure 6-16 (occurring at dilution rates of 0.021 and 0.042 h-1).  
Chapter 6  Up-flow anaerobic packed bed reactors
   
160 
 
The amount of lactate metabolism linked to sulphate reduction averaged 75% (900 mg/ℓ or 9.99 
mM ) of the feed lactate (1200 mg/ℓ or 13.3 mM) across the HRT study, again omitting the 3- and 
2.6-day HRT data (0.014 and 0.016 h-1, respectively). At longer HRT, this quantity of lactate does 
not entirely account for the degree of sulphate conversion observed and suggests some acetate 
and/or propionate had also been consumed by SRB. The amount of sulphate reduced which was 
not accounted for by lactate oxidation averaged, between and including the tested dilution rates 
of 0.010 h-1 and 0.018 h-1, 0.86 mols of sulphate (82 mg/ℓ) and corresponds to 1.7 mol of lactate 
which would be required for its reduction, or 0.86 mol of either acetate or propionate. The 
proportion of sulphate reduced which could be linked to lactate oxidation, at these dilution rates, 
is estimated at approximately 83%.  
 
 
Figure 6-16 The concentration of lactate undergoing lactate fermentation (Equation 2-12) calculated 
from the observed propionate concentration; undergoing incomplete lactate oxidation by 
SRB (Equation 2-10) calculated from the observed sulphate reduced but not allowing to 
exceed the feed lactate concentration of 13.6 mM; residual lactate remaining in the 
reactor, lactate unaccounted for from sulphate reduction and propionate produced; and 
the theoretical concentration of lactate required to allow for degree of sulphate 
conversion observed at each tested dilution rate. 
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Lactate oxidised/ sulphate reduced  
The ratio of lactate oxidised to sulphate reduced increased with the increasing of the dilution rate 
(Figure 6-17). This was not a result of increased lactate fermentation but a decrease in the amount 
of acetate and/or propionate linked to sulphate reduction in this zone. The estimated “lactate 
oxidised by SRB” to “sulphate reduced” molar ratio was below 2.0 between a four- and 2.3-day 
HRT (0.010 to 0.018 h-1) – indicating a degree of complete lactate oxidation. This observed ratio 
increased to approximately 2 at a two-day HRT (0.021 h-1) where it remained for the duration of 
the HRT study. This ratio indicated the incomplete oxidation of lactate by SRB, with little further 
oxidation of additional electron donors. 
 
 
Figure 6-17 The predicted and observed steady-state molar ratios of products and reactants arising 
from lactate oxidation by SRB (Equation 2-10 and Equation 2-12) and lactate fermentation 
(Equation 2-12) within the inlet zone of the lactate UAPBR at a range of tested dilution 
rates. The lactate predicted to have been oxidised by SRB was calculated by subtracting 
the lactate oxidised by fermentation (Figure 6-16) from total lactate oxidised within the 
reactor and confirming through the observed sulphate reduced according to Equation 2-
10. The observed lactate oxidised was calculated by subtracting the residual lactate in the 
reactor from the inlet lactate feed concentration. The predicted acetate produced was 
performed according to the degree of lactate and acetate oxidation by SRB and fermenters 
(Equation 2-7, Equation 2-10 and Equation 2-12) shown in Figure 6-16.  
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Lactate oxidised / acetate produced 
The predicted concentration of acetate leaving the inlet zone was calculated based on the degree 
of lactate oxidation by SRB and fermentative microorganisms and the subsequent oxidation of 
acetate of SRB based on the amount that was sulphate reduced which was not accounted for based 
on the observed lactate oxidation (Figure 6-15). The observed and predicted ratio of lactate 
oxidised to acetate produced were largely in agreement (Figure 6-17), providing evidence that the 
assumptions above hold true. The difference in the observed and predicted acetate concentration 
leaving the inlet zone differed by just 5% between a 2.6- and one-day HRT (0.016 – 0.0042 h-1; 
Figure 6-18). However, the observed acetate concentrations leaving the inlet zone at a four- and 
three-day HRT (0.010 and 0.014 h-1) were both greater than the predicted acetate concentration. 
The likely explanation for this additional acetate is the generation of acetate from yeast extract 
oxidation (Section 4.4.2). The maximum acetate generation from yeast extract oxidation is 
included in a ‘predicted acetate’ concentration shown in Figure 6-18 and the observed acetate 
concentrations lay between the two predictions. It is interesting to note that the generation of 
acetate from yeast extract oxidation does not seem to occur in the inlet zone at HRTs less than 
a three-day HRT (0.014 h-1).  
 
 
Figure 6-18  The observed and predicted acetate concentration leaving the inlet zone of the lactate-
supplemented UAPBR at a range of tested dilution rates corresponding to HRT between 
four- and one-day(s). Predicted acetate concentrations were calculated using the degree 
of lactate oxidation by SRB (Equation 2-10), lactate fermentation (Equation 2-12) and 
complete oxidation of acetate by SRB (Equation 2-7) as shown in Figure 6-16. The 
theoretical acetate concluded to have been generated from yeast extract (Section 4.4.2) 
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was added to the initial prediction to generate a maximum predicted acetate 
concentration. 
 
6.3.3 Electron donor utilisation within the middle and effluent zones. 
Most of the propionate produced in the inlet zone was subsequently oxidised in the middle zone. 
This corresponded with an increase in the acetate concentration between entering and leaving the 
middle zone (Figure 6-1). This preferential oxidation of propionate over acetate led to the 
assumption that sulphate reduction would be linked to propionate if present, followed by acetate 
oxidation. It was also assumed that all propionate oxidised was linked to sulphate reduction. The 
remaining sulphate which was reduced and was not linked to lactate nor propionate oxidation, in 
the middle and effluent zones, was linked to acetate oxidation. These assumptions were used to 
estimate the quantity of lactate, propionate and acetate being consumed by SRB in the middle and 
effluent zones (Figure 6-19). It was predicted that the majority (79%) of the sulphate reduced in 
the middle zone was linked to propionate oxidation. The amount of sulphate reduced in the middle 
zone linked to acetate oxidation increases from approximately 0 mg/ℓ at a four- and three-day 
HRT (0.0.10 and 0.014 h-1) to 67 mg/ℓ (0.70 mM), on average at reduced HRT. 
Increased sulphate reduction and predicted electron donor oxidation by SRB occurred in the 
middle zone at a three- and 2.6-day HRT (0.014 and 0.016 h-1). The elevated performance of this 
reactor zone ultimately led to the maintained sulphate conversion exhibited by the entire reactor, 
of over 95%. The sulphate consumed in the effluent zone varied between 0.5 and 2.1 mM and, 
based on physiochemical data and the assumptions made above, it was estimated that 
approximately half of this sulphate reduction was linked to acetate oxidation and the other half to 
propionate oxidation.  
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Figure 6-19 The electron donors putatively linked to the sulphate reduction observed in the (A) 
middle and (B) effluent zones at a range of tested dilution rates. This assumes all 
propionate oxidation was linked to sulphate reduction. Additional sulphate reduction 
which is not accounted for by propionate oxidation is assumed to be linked to acetate 
oxidation. The predicted acetate concentrations based on these assumptions are shown 
in Figure 6-20. 
 
The predicted acetate concentration leaving the middle zone was calculated assuming the sulphate 
reduction coupled to the oxidation of propionate (Equation 2-9) and acetate (Equation 2-7) as 
shown in Figure 6-19A. The predicted and observed acetate concentrations agree only between a 
four- and 2.6-day HRT (0.010 to 0.016 h-1). At lower HRTs, the observed acetate concentration 
averages 1.4 mM greater than predicted. The predicted and observed acetate concentration 
leaving the effluent zone are largely in agreement. It, therefore, appears that additional acetate is 
generated through yeast extract oxidation within the inlet zone at a four and three-day HRT 
(Figure 6-19) but as a result of the increased dilution rate this becomes restricted to the middle 
zone at further reduced HRT. The bicarbonate concentrations (Figure 6-20B) were greater than 
predicted from the observed oxidation of lactate, propionate and acetate. The additional 
bicarbonate is expected to have been generated through citrate and yeast extract oxidation which 
have been concluded to have taken place in this reactor. 
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Figure 6-20  The observed and predicted (A) acetate concentrations leaving the (A) middle zone and 
(B) effluent zone, and the (B) observed and predicted bicarbonate concentrations in the  
effluent zone of the lactate UAPBR at a range of tested dilution rates. The concentration 
of acetate predicted leaving each zone was based on all observed propionate oxidation 
being linked to the observed sulphate reduction, and all further sulphate reduction being 
linked to acetate oxidation according to Equation 2-13. The produced bicarbonate 
concentrations were predicted based on the degree of lactate fermentation (Equation 2-
12) and the oxidation by SRB (Equation 2-10), followed by acetate oxidation by SRB 
(Equation 2-7).  
 
6.3.4 Reactor performance in the context of reported literature 
The performance of the lactate-supplemented UAPBR, in terms of the entire 1 ℓ reactor and the 
0.33 ℓ inlet zone, were compared against that of similarly operated reactors reported in the 
literature and shown in Figure 6-21. These studies used similar sulphate concentrations, reactor 
configurations with similar biomass retention capacity, and VSLRs to those used in this study. 
Baskaran et al. (2005) and  Baskaran and Nemati (2006) operated UAPBRs, packed with sand and 
glass beads, respectively, which performed similarly to the 1 ℓ UAPBR of this study. These reactors 
both achieved sulphate conversions of over 90% at VSLRs between 25 and 50 mg/ℓ.h. 
Chapter 6  Up-flow anaerobic packed bed reactors
   
166 
 
A UAPBR operated by Elliott et al. (1998), using sand as a carrier, exhibited similar performance 
to that of the 0.33 ℓ inlet zone of the UAPBR of this study. This UAPBR was operated, under acidic 
conditions, with an HRT of 22 hours and a feed sulphate concentration of 1.5 g/ℓ. The reactor was 
able to achieve a sulphate conversion and VSRR of approximately 46% sulphate and 31 mg/ℓ.h, 
respectively. This is similar to that of the inlet zone of the lactate-supplemented UAPBR at a two-
day HRT.  
Sand was also used as a biomass support matrix in a study by Chen et al. (1994) in a lactate-
supplemented UAPBR. This reactor underperformed in comparison to other studies. This reactor 
was operated at a 6.5 hour HRT and a sulphate concentration of 0.9 g/ℓ, and achieved a VSRR of 
15 mg/ℓ.h at a VSLR of 138 mg/ℓ.h. However, it was lactate limited and the performance would 
have likely improved with an increased feed lactate concentration. 
Kaksonen et al. (2004) presented the performance of two fluidised bed reactors (FBRs) one 
supplemented with lactate and the other ethanol, using a sulphate concentrations of 2.3 g/ℓ and 
operated at an HRT of 16 hours. The lactate-supplemented FBR converted 65% of the 2.3 g/ℓ 
sulphate, corresponding to a VSRR of 92.5 mg/ℓ.h. The ethanol-supplemented reactor was able to 
achieve a sulphate conversion and VSRR of 81% sulphate and 97 mg/ℓ.h, respectively. Although the 
maximum VSRR that could be achieved by the lactate-supplemented UAPBR of this study was 
estimated at 71 mg/ℓ.h, using 1 g/ℓ sulphate, the reactor is expected to exhibit higher VSRR if the 
initial sulphate concentration was increased. Extrapolation of the kinetic model describing the 
performance data of the lactate-UAPBR within this study suggested that similar rates to that of 
Kaksonen et al. (2004) could be achieved in this reactor at flow rate: volume ratios of 0.059 when 
using a sulphate concentration of 2.3 g/ℓ. This corresponds to an HRT of 17 hours using the 1ℓ 
UAPBR. 
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Figure 6-21 The volumetric sulphate reduction rate (VSRR) achieved by the lactate-supplemented (●) 
1ℓ UAPBR of this study, (●) the 0.33 ℓ inlet zone of the UAPBR of this study and (●) 
selected continuous reactor studies from literature, at varied volumetric sulphate loading 
rates (VSLR). Sulphate conversion can be visually be determined through comparisons 
with lines plotted: 100% conversion – solid line, 50% conversion – dashed line. Details of 
the selected study are included in the figure including the sulphate concentration, carrier 
material, electron donor if not lactate and reactor configuration if not a UAPBR. These 
reactor studies were selected as these had similar starting sulphate concentrations and 
hydraulic retention times to those used in this study. 
 
Baskaran et al. (2005) operated a UAPBR with foam carrier matrix and was able to maintain 
sulphate conversions above 90% at a VSLR of 220 mg/ℓ.h. This was achieved using a lactate and 
sulphate concentration of 5.5 and 1.0 g/ℓ, respectively. The achieved VSRR, therefore, comes at 
the cost of providing excess lactate – 4.6-fold higher than the lactate concentration used in this 
study.  
 
6.3.5 Changes in the planktonic microbial communities between reactor zones  
The change in abundance of the 17 most predominant OTUs, between the inlet and effluent zones 
of the lactate-supplemented system, across all tested HRT, was evaluated and is described in Figure 
6-22. This data were used to implicate these OTUs in lactate oxidation in the inlet zone and 
propionate and/or acetate oxidation in the effluent zone. The large changes in abundance of these 
OTUs, whilst cell concentrations between these zones remain fairly constant, indicates that cells 
present in the middle and effluent zones are present not simply because they were carried upwards 
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to these zones by the hydrodynamics of this system. Instead, these OTUs would need to be 
metabolically active to maintain abundance in these zones. 
Veillonella (11) and Aeromonas (38) showed an average decrease of more than 75% (2 log2 fold) 
between the inlet and effluent zones– indicating these OTUs were primarily active in the inlet 
zone and showing little further growth throughout the remainder of the reactor. These OTUs 
are, therefore, likely performing lactate fermentation. The Veillonella OTU was also found to be 
highly enriched in lactate samples after surveying the communities of all six BSR reactors of this 
study (Chapter 7 ), this genus is frequently implicated in lactate fermentation in literature (Rogosa, 
1963; Ng and Hamilton, 1971; Seeliger et al., 2002; Scheiman et al., 2019) and is found nearly 
exclusively within zones of lactate oxidation in the lactate-supplemented UAPBR. Therefore, it is 
concluded that this is one of the SRB’s major competitors for lactate in this reactor.  
Inversely, three OTUs, namely unclassified (71), Paracoccus (4) and Lutaonella (0), each increased 
by more than four-fold from the inlet to the effluent zone. It is therefore hypothesised that these 
OTUs are involved in the consumption of acetate and/or propionate. Paracoccus (4) and Lutaonella 
(0) were also identified in the acetate-supplemented UAPBR planktonic communities (Figure 6-34), 
providing further evidence that these microorganisms consume acetate. Further evidence for 
these associations are described in Chapter 7 . 
The two SRB OTUs identified in these planktonic communities, namely Desulfovibrio (6) and 
Desulfomicrobium (1), showed little change in abundance across the inlet and effluent zones. This 
suggests these microorganisms remained active throughout the length of the reactor, and that 
these SRB likely utilise lactate in the inlet zone as well as oxidising acetate and/or propionate 
throughout the rest of the column. 
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Figure 6-22 Log2 fold change of the predominant OTUs, in the lactate UAPBR planktonic communities, 
between the inlet and the effluent zones, averaged between the four-, three-, 1.5- and 
one-day HRTs. OTUs which show a reduced abundance between the inlet and effluent 
zones are shown in red, while those increasing in abundance are shown in grey. 
6.3.6 Comparison of planktonic and biofilm communities  
The composition of each planktonic and biofilm community from the lactate-supplemented UAPBR 
were compared (Figure 6-23). Using this approach, all the planktonic samples as well as the biofilm 
sample isolated from zone one at a four-day HRT clustered separately from all remaining biofilm 
communities. The three most abundant SRB in any of UAPBR’s communities were 
Desulfomicrobium (1) which was a dominant microorganism in almost every sample excluding the 
biofilm communities of zones four, five and six, Desulfovibrio (6) which was primarily dominant in 
the planktonic communities, and Desulfobulbus (27) which was dominant in the biofilm communities 
of zones three to six at a one-day HRT.  
One of the most striking differences between the biofilm communities present in zone one 
between a four-day and one-day HRT is the differing abundances of Lutaonella (0) and Veillonella 
(11). Veillonella (11) is highly abundant in the biofilm communities, and other UAPBR planktonic 
communities, at a four-day HRT, but is almost undetected at a one-day HRT in the biofilm 
communities. Whereas, the Lutaonella (0), present at very low abundance in the biofilm 
communities of zone one and six at a four-day HRT, becomes one of the most dominant 
microorganisms present in the biofilms throughout the lactate-supplemented UAPBR at a one-
day. A survey of all the microbial communities of the six BSR reactors assessed by 16S rRNA gene 
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amplicon sequencing (Chapter 7 ) found Lutaonella (0) to be highly enriched in biofilm communities 
and, inversely, found Veillonella (11) to be enriched in planktonic samples. This shift in dominance 
between Veillonella (11) and Lutaonella (0) may be evidence of biofilm maturation and not a direct 
consequence of the changing dilution rate. 
Attributing identified SRB within the biofilm communities with specific electron donor oxidation 
was done by overlaying the estimated VFA oxidation in each zone (Sections 6.3.1 and 6.3.3) to the 
SRB present within the biofilms at a one-day HRT (Section 6.2.4). This aligned Desulfovibrio (6) and 
Desulfomicrobium (1) in the biofilm communities of zone 1 and 2 with lactate oxidation within these 
zones, Desulfobulbus (27) dominant in zones 3 and 4 with propionate oxidation, Desulfatiglans (91) 
present in the effluent zone with acetate oxidation and sulphate scavenging and, Desulfobacter (18) 
and Desulfacarina (53) present in zones 3 to 6 to acetate and propionate oxidation.  
 
Figure 6-23  Hierarchical clustering of the relative abundances of the dominant OTUs in planktonic, 
associated and attached communities isolated from the six 0.167 ℓ zones of the lactate-
supplemented UAPBR reactor zones, at hydraulic retention times of one-, two-, three- 
and four-days. Relative abundances were ln(x +1) transformed and hierarchical clustering 
was performed using correlation distance and average linkage (Section 3.9). No row 
centring was performed. The reactor zone from which each sample was isolated, the 
microbial phase and the HRT at which the sample was recovered is shown above the 
heatmap and the legend shown on the right of the heatmap. 
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6.4 Acetate UAPBR Results 
6.4.1 Reactor performance  
The acetate UAPBR had achieved near 95% sulphate conversion of the 1 g/ℓ feed sulphate (Figure 
6-24A) at the boundary between the middle and effluent zones at a four-day HRT (0.010 h-1). The 
reduction in the HRT to three-days (0.014 h-1) had a detrimental effect on the performance of the 
inlet zone. The sulphate conversion achieved by the inlet zone decreased from 78 to 42% between 
the four- and three-day HRT (0.010 and 0.014 h-1), respectively. These correspond with volumetric 
sulphate reduction rates of 24 and 18 mg/ℓ.h, respectively (Figure 6-27). Further reduction in the 
HRT resulted in improvement to both the VSRR and sulphate conversion achieved in this zone. 
The sulphate reducing performance at the three-day HRT is therefore assumed to be an outlier. 
Nevertheless, this data were included in further microbial analyses in order to associate this poor 
performance to the VFA profile and microbial ecology present within the reactor at the time. 
The inlet zone of the acetate-supplemented UAPBR exhibited VSRRs comparable to that of the 
inlet zone of the lactate-supplemented UAPBR at each tested dilution rate. The middle and effluent 
zones of the acetate UAPBR, however, showed far lower VSRRs compared with those of the 
lactate UAPBR. The middle and effluent zones of the acetate UAPBR were only able to convert 
approximately 25% of the sulphate entering each of these zones (Figure 6-27). This compared to 
the lactate-supplemented UAPBR which saw the middle and effluent zones convert over 50% of 
the available sulphate (Figure 6-1). 
The sulphide concentrations observed in each of the three zones were largely in agreement with 
those predicted from the degree of sulphate reduction (Figure 6-24B), although in some instances 
the observed was marginally higher than that predicted. The highest sulphide concentration 
observed leaving the inlet zone was 261 mg/ℓ.h at a four-day HRT (0.010 h-1). The concentration 
increased to 340 mg/ℓ.h in the effluent of the reactor at this HRT. At a one-day HRT the 
concentration of sulphide leaving the inlet zone was 122 mg/ℓ.h and increased to 186 mg/ℓ.h in the 
reactor effluent. The bicarbonate concentration (Figure 6-24 C) present in the effluent decreased 
with increasing dilution rate, from 21 mM at a three-day HRT (0.014 h-1) to 7 mM at a 1.3-day 
HRT (0.032 h-1) and 10 mM at a one-day HRT (0.042 h-1). 
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Figure 6-24 Steady-state kinetic data of the acetate-supplemented UAPBR at a range of tested dilution 
rates, including (A) the residual sulphate, (B) the produced sulphide and the predicted 
sulphide concentration based on the observed sulphate reduced; (C) the produced 
bicarbonate concentration present in the reactor effluent calculated from the difference 
between the observed and feed bicarbonate concentrations and (D) the observed volatile 
fatty acid profile. 
The concentration of acetate in each zone, with increasing dilution rate, (Figure 6-24D) reflected 
that of the sulphate profile – gradually increasing with each reduction in the HRT. The acetate 
concentration in each of the three zones was elevated at three-day HRT (0.014 h-1) compared 
with those seen at a four- and 2.6-day HRT (0.10 and 0.016 h-1, respectively). This corresponds 
with the poor sulphate reducing performance observed at this HRT. The concentration of acetate 
decreases between each of the subsequent zones, observed at each tested HRT. The acetate 
concentration was at a minimum in the reactor effluent of 452 mg/ℓ (7.53 mM) at a four-day HRT 
(0.010 h-1) and reached a maximum of 834 mg/ℓ (13.89 mM) in the inlet zone at a one-day HRT 
(0.042 h-1). 
The observed pH (Figure 6-25A), between the three zones and across the HRT study resided 
within a narrow band between 7.35 and 7.55. However, the pH was lowest at a three-day and 
one-day HRT, where the sulphate reducing performance was lowest.  The redox potential (Figure 
6-25B), showed a greater degree of variation, increasing from -195 mV in the effluent zone at a 
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one-day HRT (0.010 h-1) to -161 mV at 2.3-day HRT (0.018 h-1) where it remained at further 
reduced HRT. 
 
 
Figure 6-25 Steady-state kinetic data of the lactate-supplemented UAPBR at a range of tested dilution 
rates, including (A) pH and (B) redox potential (reported relative to a standard hydrogen 
electrode) in the inlet-, middle- and effluent zones of the acetate-supplemented UAPBR at 
each tested dilution rate. Error bars represent one standard deviation from the mean.  
 
The acetate-supplemented UAPBR was able to maintain an increasing VSRR with increasing VSLR 
for all tested dilution rates (Figure 6-26), increasing from 10 mg/ℓ.h at a four-day HRT (0.010 h-1) 
to a maximum VSRR of 23 mg/ℓ.h at a one-day HRT (0.042 h-1). The conversion achieved by the 
reactor, however, decreased with the reduction of the HRT. The UAPBR maintained a sulphate 
conversion approximately two-fold greater than that exhibited by the similarly operated acetate 
CSTR at each tested HRT. 
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Figure 6-26  Volumetric sulphate reduction rates (VSRR) achieved by (●) the acetate-supplemented 
UAPBR at increasing volumetric sulphate loading rates (VSLR), increased through the 
increasing of the applied dilution rate, corresponding to hydraulic retention times ranging 
from four-days to one day, whilst keeping the feed sulphate concentration constant at 1 
g/ℓ. The achieved VSRR of (●) the similarly operated acetate-supplemented CSTR is shown 
for comparison. VSRR were calculated based on the residual concentrations measured 
leaving the effluent of the reactor. Sulphate conversion can be visually be determined 
through comparisons with lines plotted: 100% conversion – solid line, 75% conversion – 
dashed line; 50% conversion – dotted line, 25% conversion – composite dotted-dashed 
line. 
The majority of the sulphate reduced in the acetate UAPBR was reduced within the inlet zone at 
each tested HRT. The VSRR achieved by the 0.33 ℓ inlet zone (Figure 6-27) increased from 23 
mg/ℓ.h at a four-day HRT (0.010 h-1; 78% sulphate conversion) to 46 mg/ℓ.h at a one-day HRT 
(0.042 h-1; 36% sulphate conversion). The middle and effluent zones achieved a maximum VSRR of 
11 and 13 mg/ℓ.h, respectively, at a one-day HRT (0.042 h-1). 
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Figure 6-27 Volumetric sulphate reduction rate (VSRR) achieved by the three zones of the acetate 
UAPBR at (A) each tested dilution rate and (B) at the volumetric sulphate loading rate 
(VSLR) applied to each zone. Sulphate conversion can be visually be determined through 
comparisons with lines plotted: 100% conversion – solid line, 75% conversion – dashed 
line; 50% conversion – dotted line; 25% conversion – composite dotted-dashed line. 
Biomass retention 
The planktonic cell concentrations, from all zones and all tested HRT, remained stable for the 
duration of the study (Figure 6-28). The concentration of planktonic cells in the inlet were typically 
lowest, at approximately 1.5 x 108 cells/mℓ and increased to 2 x 108 cells/mℓ in the middle and 
effluent zones. These cell concentrations were significantly lower than the cell concentrations 
supported by the acetate CSTR (average of 3.6 x 108 cells/mℓ) over the HRT study (p-value <0.05 
calculated from two-tailed Students t-test).  
 
 
Figure 6-28 Planktonic cell concentrations in the acetate UAPBR inlet, middle and effluent zones at 
each tested dilution rate. Error bars represent one standard deviation from the mean. 
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The highest cell concentration of any microbial community observed in the acetate-supplemented 
UAPBR was seen in the biofilm attached community of zone one at a four-day HRT (0.010 h-1; 
Figure 6-29). This community reached a cell concentration of 5.4 x 1010 cells/mℓ, which is more 
than 200-fold greater than that of the planktonic community present in the inlet zone at a four-
day HRT. The biofilm-associated community of this zone was also highly concentrated at 7.7 x 109 
cells/mℓ.  
The cell concentration of the attached and associated communities of zone one decreased to 9.0 
x 109 and 3.5 x 109 cells/mℓ, respectively, at a one-day HRT. Furthermore, at this HRT, the biofilm 
attached cell concentration decreased approximately three-fold by zone two and reached a cell 
concentration of 7.2 x 108 cells/mℓ in zone three, where it stayed relatively constant throughout 
the rest of the reactor.  
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Figure 6-29 The cell concentrations of the biofilm-attached, -associated and planktonic communities 
found in the six sequential zones of the acetate-supplemented UAPBR, observed at a (A) 
four-day HRT (0.010 h-1) and (B) one-day HRT (0.042 h-1). 
SEM was used to visually inspect the surface of the polyurethane foam isolated from each of the 
six reactor zones at a one-day HRT (Figure 6-30). Thick microbial mats were visible on the 
polyurethane foam removed from zones 1 and 2 of the acetate UAPBR. The cells which made up 
these biofilms were mostly vibrio and large cocci in morphology. The apparent density of cells 
present on the surface of the polyurethane decreased between zones two and three. Foam 
recovered from zones three to six showed cells scattered evenly over the surface. A variety of 
morphologies were present in these biofilms including rod, vibrio, spirochaete and lemon-shaped 
cells.  
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Figure 6-2 Scanning electron 
micrographs of the surface of 
the polyurethane foam 
packing within the  
Acetate supplemented 
UAPBR, isolated during the 
defined one-day HRT steady-
state period. Polyurethane 
foam was isolated from zone 
1(A-C), zone 2 (D-F), zone 3 
(G-I), zone 4 (J-L), zone 5 (M-
O) and zone 6 (P-R). Scale 
bars are shown in each 
micrograph. 
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Figure 6-30 Continued 
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6.4.2 Sulphate reduction performance model 
The acetate UAPBR was modelled using  
 Equation 3-17 (Section 3.7.3) shown below as an nth order spontaneous, irreversible 
reaction in an ideal plug flow reactor (PFR).  
  Equation 3-17 
The non-linear regression generalised reduced gradient (GRG) method was used with collected 
reactor kinetic data, from the multiple zones and composite zones, to find the value for the order 
of the reaction, n, and for the rate constant, k, which resulted in the lowest sum of squared errors. 
The acetate UAPBR kinetic data were best described with this equation with a reaction order, n, 
of 2.9 and a rate constant, k, of 1.5 x 10-7 mg-1,9ℓ1,9h-1. Sulphate reduction data collected at a three-
day HRT (0.014 h-1) were concluded to be outliers and not included in this optimisation. The 
standard error associated with this model was 2.5, the 95% confidence interval of 5.08 mg/ℓ.h and 
the model fitted the data with an R2 of 0.95 (Figure 6-31). 
 
𝑟𝐴 =
𝑉
𝐹
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(−𝑛+1) + (𝑛 − 1) ⋅ 𝑘 ⋅
𝑉
𝐹
)
1
(−𝑛+1)
− 𝐶0)  
𝑟𝐴 =
𝑉
𝐹
((𝐶0
(−𝑛+1) + (𝑛 − 1) ⋅ 𝑘 ⋅
𝑉
𝐹
)
1
(−𝑛+1)
− 𝐶0)  
Chapter 6  Up-flow anaerobic packed bed reactors
   
181 
 
 
Figure 6-31 Modelled reaction rate data at various flow rate to volume ratios (F/V) with (A) various 
starting sulphate starting concentrations (C0) as shown in the legend. Observed reaction 
rates (B) from the inlet zone (0.33 ℓ), composite inlet and middle zone (0.66 ℓ) and entire 
reactor (1.0 ℓ) are plotted against the modelled reaction rate with the modelled reaction 
rates with a C0 of 1000 mg/ℓ sulphate. 95% confidence intervals are shown. 
The modelled data predict VSRRs achieved by this reactor, at a flow rate to volume ratios of 0.15, 
with incoming sulphate concentrations of 1000, 750, 500 and 250 mg/ℓ to be equal to 48.2, 25.4, 
9.3 and 1.4 mg/ℓ.h, respectively.  
The difference between the observed and corresponding predicted sulphate reduction rates, from 
each zone and composite reactor zone, from each HRT, were found to be similar. These differed 
by, on average 14% of the predicted VSRR (Figure 6-32). The residuals between the observed and 
predicted sulphate reduction rates (Figure 6-31), assessed collectively from all samples, appear to 
largely be normally distributed when not considering which zone(s) or composite zones the data 
originated. However, residuals tended to decrease from positive to negative with increasing flow 
rate to volume ratios for individual and composite reactor zones. This indicates predictions made 
at low F/V ratios are overestimated and are underestimated at higher F/V ratios. 
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Figure 6-32 The (A) observed (closed circles) and predicted (open circles) sulphate reducing reaction 
rates over the individual and composite reactor zones of the acetate UAPBR at various 
tested flow rate to volume ratios (F/V). Predicted rates were based on eq () which 
describes a spontaneous, first-order irreversible reaction in a plug flow reactor with a rate 
constant, k, of 0.069 h-1. The residuals (B) of the observed rates minus the modelled rates 
are shown. 
 
6.4.3 Microbial ecology of the planktonic communities  
The planktonic communities of the acetate UAPBR were dominated by Bacteroidetes at all tested 
dilution rates (Figure 6-33). The proportion of SRB, made up by Deltaproteobacteria, was also 
greatly diminished compared to that seen in the lactate UAPBR. Bacteroidetes were particularly 
dominant and, inversely, Deltaproteobacteria particularly reduced at a three-day HRT (0.014 h-1) 
– the HRT where the sulphate conversions were some of the lowest observed. Some Firmicutes 
were also present but little to no Negativicutes, of which the lactate fermenting microorganism 
Veillonella is a member. Verrumicrobia were present in all three zones at four-day HRT (0.010 h-
1) but absent at further reduced HRT. Verrumicrobia were also observed in the acetate CSTR 
(Chapter 4) and experienced a considerable reduction in abundance at HRT shorter than four-
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days. Apart from these changes, little other variation can be seen between the multiple zones and 
multiple dilution rates at the phylum and class taxonomic level. 
 
 
Figure 6-33 Relative abundance of the predominant microbial classes within the planktonic 
communities of the inlet, middle and effluent zones of the acetate UAPBR at dilution rates 
corresponding to four-, three-, two- and one-day HRTs. The phyla to which each class 
belongs are shown in parentheses. 
 
The dominant SRB OTUs were Desulfovibrio (6) and Desulfomicrobium (1) in the planktonic 
communities of this reactor (Figure 6-34), as seen in the acetate CSTR. Like the CSTR, Desulfovibrio 
(6) was abundant at a four-day HRT (0.010 h-1) but showed a substantial reduction in abundance 
at reduced HRT, where Desulfomicrobium (1) became more dominant. The abundance of these 
OTUs was considerably reduced at the three-day HRT (0.014 h-1) where sulphate conversion, 
VSRRs and acetate conversion were some of the lowest observed. At this three-day HRT (0.014 
h-1), the Bacteroidetes OTU Pustulibacterium (3) was particularly dominant, present above 50% 
relative abundance in the middle zone planktonic community. A number of additional 
Proteobacteria classified to classes other than Deltaproteobacteria where seen throughout the 
planktonic communities (Shown in pink-purple in Figure 6-34), including the OTUs Halothiobacillus 
(60) at a four-day HRT, and both Aquamicrobium (26) and Paracoccus (4) at a two- and one-day 
HRT (0.021 and 0.042 h-1). 
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Figure 6-34  The relative abundance of the most abundant OTUs in the planktonic communities of the 
acetate-supplemented UAPBRs (A) effluent, (B) middle and (C) inlet zones at dilution rates 
corresponding to a four-, three-, two- and one-day HRT. OTUs are colour shaded by 
taxonomy: Deltaproteobacteria – blue, other Proteobacteria – purple, Bacteroidetes – 
green, Firmicutes – red, Synergistetes – yellow, other phyla – grey. 
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6.4.4 Microbial ecology of the biofilm communities  
Stratification of the microbial communities from zone to zone of the acetate-supplemented 
UAPBR was not evident at the phylum and class taxonomic level. The attached and associated 
biofilm communities of the acetate-supplemented UAPBR were made up of relatively few microbial 
phyla (Figure 6-35). Proteobacteria and Bacteroidetes typically constituted more than 70% of these 
communities, with Clostridia, Chlorobia, Synergistia, Thermotogae and Mollicutes constituting a 
further 20%. All but one of the OTUs classified as Deltaproteobacteria were thought to be likely 
SRB (Figure 6-36). This Geobacter OTU was predominant in the attached community of zone 6 at 
a four-day HRT. 
 
 
Figure 6-35 Relative abundance of the predominant microbial classes within the attached- and 
associated-biofilm communities of the six sequential zones of the acetate UAPBR at four- 
and one-day operated HRTs. The phyla to which each class belongs are shown in 
parentheses. 
 
Six predominant SRB OTUs could be putatively identified within the biofilm communities of the 
acetate UAPBR (Figure 6-36). Desulfovibrio (6), which was dominant in the planktonic communities 
at a four-day HRT, was also present in the associated communities at a four-day HRT. This OTU 
was not detected, however, at a one-day HRT. Desulfobulbus (58), observed in the lactate UAPBR 
biofilm communities, was one of the most dominant SRB OTUs in these communities. This OTU 
was dominant in attached and associated communities, at both a four- and one-day HRT, 
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throughout the zones of the UAPBR. Desulfosarcina (53) and Desulfobacca (46) was present in the 
biofilm communities at a one-day HRT and became dominant OTUs from zone two and three to 
six respectively. The Bacteroidetes classified OTU, Lutaonella (0), made up a large proportion of 
the biofilm communities at a one-day HRT, between 34 and 52% relative abundance. This OTU 
was present in the biofilm communities at a four-day HRT but to a far less of an extent. A 
Chlorobium OTU, Chlorobium (40), and a handful of non-Deltaproteobacteria OTUs, Aquamicrobium 
(26), Rhizobium (30) and Halothiobacillus (60) became abundant in the associated communities of 
zones five and six, at a one-day HRT.  
 
 
Figure 6-36 Relative abundance of the predominant OTUs within the attached- and associated-biofilm 
communities of the six sequential zones of the acetate-supplemented UAPBR at four- and 
one-day operated HRTs. The genus to which each OTU was classified is shown in the 
legend with OTU number shown in parentheses. The OTUs are colour shaded based on 
higher their higher taxonomic classifications: Deltaproteobacteria are shown in blue, 
Other Proteobacteria in turquoise, Bacteroidetes in green, Synergistales in yellow and 
other phyla in grey.  
 
6.5 Acetate UAPBR Discussion 
6.5.1 The sulphate reduction rate model 
The acetate UAPBR sulphate reducing model described in Section 6.4.2 was used to predict the 
concentration of sulphate leaving each of the three zones of the acetate UAPBR at each tested 
HRT (Figure 6-37). The concentration of sulphate observed leaving the inlet and middle zones 
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were considered when predicting the concentration of sulphate that would leave the middle and 
effluent zone respectively. This model was able to predict 19 of the 24 data points to within 100 
mg/ℓ (1.04 mM)sulphate and the maximum observed difference between observed and predicted 
was just 167 mg/ℓ (1.74 mM) sulphate. The greater deviations occurred at a four- and three-day 
HRT. These few points would be better described by differing reaction orders, n, and rate 
constants, k, than characterised for the entire reactor performance dataset. This may result from 
changes in the composition or cell concentration of these communities between the four- and 
three-day reactor communities, with more stable communities forming at a 2.6- to a one-day HRT. 
 
 
Figure 6-37 The observed and predicted residual sulphate concentrations leaving the inlet, middle and 
effluent zones of the acetate UAPBR at varying applied dilution rates. The predicted 
sulphate concentrations were predicted using the model described in Section 6.2.2. This 
model describes a spontaneous, irreversible chemical reaction in a plug-flow reactor with 
an order, n, of 2.9 and rate constant, k, of 1.5 x 10-7 h-1. Predictions were made using the 
observed concentration of sulphate leaving the inlet zone as the initial sulphate 
concentration entering the middle zone, and the observed concentration leaving the 
middle zone as the initial concentration entering the effluent zone.  
 
The maximum growth rate of acetate oxidising SRB are typically far lower than lactate-oxidising 
SRB (Section 2.4) – yet the inlet zone of the acetate UAPBR performed similarly to that of the 
lactate UAPBR. This is presumed to be a result of the decoupling of the biomass retention and 
hydraulic retention times, therefore allowing for high VSRR to be achieved.  
The nearly third-order nature of this model indicates that the rate of sulphate reduction decreases 
exponentially with decreasing sulphate concentrations. This was illustrated in Figure 6-31A and 
that seen in the observed VSRR of the inlet, middle and effluent zones at multiple HRT (Figure 
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6-27). This observation is not consistent with kinetic studies in literature (Ingvorsen et al., 1984; 
Flaherty,1998; Moosa et al., 2002). Acetate-oxidising SRB have been shown to have a high affinity 
for both acetate and sulphate, with determined Ks values in the order of 10-2 g/ℓ for sulphate and 
for acetate. Moosa et al. (2002) characterised an acetate-oxidising SRB culture and found the 
maximum growth rate, the biomass yield per unit sulphate and per unit acetate, to vary little with 
initial sulphate concentration. However, the saturation constant, Ks, showed an increasing linear 
relationship with increasing initial sulphate concentrations. Therefore, according to Monod growth 
kinetics, the growth rate of an acetate consuming SRB culture should be close to μmax for sulphate 
concentrations much greater than Ks. This, therefore, implies a reaction order between zero and 
one, even at low sulphate concentration (approximately 10 mg/ℓ). 
The characterised third-order of the acetate UPABR kinetic model is therefore unusual. A possible 
explanation to this observation may be that a compound in the reactor, which is in excess in the 
inlet zone, may become growth-limiting in successive zones in the reactor. This may include trace 
metals and/or nitrogen compounds included in the medium as yeast extract. The very high biomass 
retention in the system, particularly in zone one and two, followed by a rapid decrease in attached 
and associated cell concentrations from zone three to six would have supported this, however, a 
similar degree of biomass retention within the inlet zone was observed in lactate-supplemented 
UAPBR. The kinetic model describing the lactate UAPBR was characterised as a first-order 
reaction and the model was able to accurately predict the VSRR in zones receiving little sulphate. 
Many SRB are common to both the acetate- and lactate-supplemented UAPBRs (Desulfobulbus 
(27), Desulfomicrobium (1) and Desulfovibrio (6)) and therefore the nutrient requirements of these 
SRB are thought to be similar in both reactors. However, the nutrient requirements of the non-
sulphate reducers in these reactors may differ substantially. The effect of a growth-limiting 
compound such as a trace metal or nitrogen species is, therefore, unlikely.  
An alternative to this explanation is the mixotrophic SRB metabolic model first introduced in 
Chapter 4. The fermentation of yeast extract is postulated to lead to the generation of hydrogen. 
This is based largely on the widespread distribution of genes encoding the enzymes of the urea 
cycle co-occurring with hydrogen evolving hydrogenases within the majority of non-sulphate 
reducing microorganisms in the BSR reactor samples (Chapter 8). The acetate UAPBR kinetic 
model may be better described by using a rate equation which considers the concentration of 
sulphate and the concentration of hydrogen. This may account for higher reaction order. Evidence 
to support the occurrence of the metabolism described in the mixotrophic metabolic model is 
described in Chapter 8. 
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6.5.2 Reactor performance in the context of reported literature 
The performance of the acetate-supplemented 1ℓ UAPBR and the 0.33 ℓ inlet zone of the UAPBR 
was compared with other studies reported in the literature (Figure 6-38). Dries et al. (1998) 
operated a sulphate reducing UASBR using acetic acid as the electron donor. This study was able 
to demonstrate remarkably high VSRRs (>150 mg/ℓ.h) at very short HRT. This reactor was 
inoculated with a highly concentrated sludge and operated continuously for a short period of time. 
So, although the degree of biomass retention observed in this study may have not been sustained 
long-term, this does indicate possible rates in well-performing acetate-supplemented BSR reactor 
configurations.  
The UAPBR of this study performed similarly to the down-flow packed bed reactors (DPBRs) 
operated by Lin and Lee (2001). These authors operated a DPBR packed with plastic ballast rings 
and supplemented with acetate at a 60-hour HRT. This reactor achieved a VSRR of 13 mg/ℓ.h and 
a sulphate conversion of 87% of the 0.9 g/ℓ sulphate. Tsukamoto and Miller (1999) used a similar 
reactor configuration and sulphate concentration but packed with sand and supplemented instead 
with methanol, which allowed this reactor to achieve a sulphate conversion of 53% at a 6.6-hour 
HRT. This corresponded to a VSRR of 72 mg/ℓ.h.  
The kinetic model developed to explain the data collected from the acetate-supplemented UAPBR 
of this study predicts that a flow rate to volume ratio of 0.617 would be required , with a starting 
concentration of 1 g/ℓ sulphate, to achieve a VSRR of 72 mg/ℓ.h in this reactor. This corresponds 
to an HRT of 1.6 hours and a sulphate conversion of just 12%. Similar VSRR and sulphate 
conversion were reported by (Omil et al., 1997). These authors operated a UASB with sulphate 
concentrations between 1 – 4 g/ℓ sulphate and applied short HRT of under 12 hours. This UASB 
was able to achieve VSRR of over 60 mg/ℓ.h but a sulphate conversion of approximately 20%. This 
UASB was also operated for a short period of time (approximately 200 days) and, therefore, the 
long-term performance of this reactor is not certain. 
The UAPBR of this study out-performed the acetate-supplemented anaerobic filter reactor (AFR) 
operated by El Bayoumy et al. (1999b). These authors operated this reactor configuration using a 
starting sulphate concentration of 2.5 g/ℓ and an HRT of 20 hours. However, the relatively poor 
sulphate reducing performance of this reactor was likely a consequence of the elevated metal 
concentrations present in the medium.  
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Figure 6-38 The volumetric sulphate reduction rate (VSRR) achieved by the lactate-supplemented 1ℓ 
UAPBR of this study, 0.33 ℓ inlet zone of the UAPBR of this study and selected continuous 
reactor studies from literature, at varied volumetric sulphate loading rates (VSLR) as 
shown in the legend. Sulphate conversion can be visually be determined through 
comparisons with lines plotted: 100% conversion – solid line, 66% conversion – dashed 
line, 33% conversion – dotted line. Details of the selected case studies are included in the 
figure including the sulphate concentration, carrier material, electron donor if not acetate 
and reactor configuration. These reactor studies were selected as these had similar 
starting sulphate concentrations and hydraulic retention times to those used in this study. 
 
6.5.3 Sulphate reduction linked predominantly to acetate oxidation 
The observed degree of sulphate reduction was used to predict the acetate concentration (Figure 
6-39) leaving the inlet zone of the UAPBR, according to Equation 2-7. The predicted acetate 
concentration was consistently lower than that observed by, on average, 5.5 mM acetate. The 
concentration of acetate concluded to be generated from the oxidation of yeast extract, namely 
4.5 mM, was then included in the predicted acetate concentration. This predicted acetate and the 
observed acetate concentration leaving the inlet zone differed by less than 10% that of the 
observed acetate concentrations.  
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Figure 6-39 The observed and predicted acetate concentrations in the (A) inlet and (B) middle and 
effluent zones of the acetate-supplemented UAPBR at multiple dilution rates. Predicted 
acetate concentrations in the inlet zone are based on the reduction of sulphate linked to 
acetate oxidation as described by Equation 2-7. No oxidation of acetate by non-SRB was 
assumed to be taking place. The starting acetate concentration of 12 mM (‘feed’) and 
considering the generation of 4.45 mM acetate from yeast extract oxidation (‘feed, YE’) 
and from the oxidation of 1.16 mM citrate (‘feed, YE, citrate’). 
The predicted acetate concentrations leaving the middle and effluent zones (Figure 6-39) were 
based on the observed sulphate reduction which was presumed to be linked to acetate oxidation 
(Equation 2-7). These calculations were performed using the observed acetate and sulphate 
concentrations entering and the sulphate concentrations leaving each zone. The predicted and 
observed values differed by an average and a maximum of 2.2 and 7.7% of the predicted acetate 
concentration. This degree of accuracy indicates little to no acetate generation from yeast extract 
oxidation occurred in these zones. The agreement between the predicted and observed acetate 
concentrations indicates that sulphate reduction in this reactor is largely associated with acetate 
oxidation. However, this agreement also suggests that all observed acetate oxidation was linked 
to sulphate reduction. The source of carbon that supports the presence of non-SRB, which make 
up the majority of each assessed microbial community, is therefore not accounted for. It is possible 
that non-SRB are performing yeast extract and citrate oxidation within the inlet zone, but there 
is no evidence of these reactions throughout the rest of the reactor. Genome-resolved 
metagenomics revealed that few non-SRB possessed genes for autotrophy and hydrogen 
consumption. It can, therefore, be concluded that the non-SRBs within the acetate-UAPBRs are 
likely heterotrophs. 
It is therefore concluded that these non-SRB too are using acetate as an electron donor, as this 
was the only form of organic carbon available in the middle and effluent zones. Therefore Equation 
2-7 can account for only a portion of the acetate consumed, and therefore only a portion of the 
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sulphate reduced. It is proposed that hydrogen generated from yeast extract oxidation provides 
the additional electrons required for the observed sulphate reduction. Further metagenomic 
evidence to support this model is described below. 
The observed concentration of produced bicarbonate leaving the effluent of the acetate UAPBR 
is also in agreement with the predicted bicarbonate concentration based on all sulphate reduction 
being linked to acetate oxidation according to Equation 2-7 (Figure 6-40). This, however, does not 
account for bicarbonate produced from the oxidation of yeast extract nor citrate and does not 
account for any bicarbonate which would be generated by non-SRB. The non-SRB make up more 
than 50% relative abundance of every acetate UAPBR community. iRep values determined for 
genomes present in the BSR reactor systems at a four-day HRT (Chapter 8 ) demonstrated that 
the planktonic and biofilm communities, even in the effluent of the reactor were actively dividing. 
The changing proportions of the planktonic microbial communities throughout the zones of the 
UAPBR at multiple HRT (Figure 6-411, discussed below) indicate that these planktonic 
communities are active, even in the effluent zone of the reactor. Given that these non-SRB are 
active and predominantly heterotrophs, and must be generating bicarbonate, the assumption that 
all sulphate reduction is linked to acetate oxidation via Equation 2-7 must be false. The deficit of 
bicarbonate in this reactor provides additional evidence for the BSR mixotrophic metabolic model. 
The deficit of bicarbonate, therefore, indicates that bicarbonate being produced in the reactor, by 
non-SRB, may be subsequently fixed via autotrophy into biomass.  
 
Figure 6-40 The observed and predicted produced bicarbonate concentrations leaving the effluent of 
the acetates-supplemented UAPBR at range of tested dilution rates. Predicted bicarbonate 
concentrations were estimated using the observed degree of sulphate reduction according 
to Equation 2-7 of sulphate reduction linked to acetate oxidation. Bicarbonate 
produced  from the oxidation of yeast extract, citrate or oxidation of acetate by non-SRB 
is not considered. 
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6.5.4 Comparisons of the planktonic and biofilm microbial communities 
The reduced abundance of Firmicutes between the inlet and effluent zones of the UAPBR (Figure 
6-33) indicates that plug flow does not carry the planktonic community, regardless of its activity, 
throughout the column. Instead, the decreased abundance of Firmicutes indicates that the 
community which persists within the middle and effluent zones is active. This is reaffirmed by 
activity from iRep values determined for these planktonic communities from whole genome 
sequencing and analysis (Section 8.4). 
The predominant SRB within the planktonic communities of the acetate supplemented UAPBR, 
Desulfovibrio (6) and Desulfomicrobium (1) showed little change in abundance between the inlet and 
effluent zones (Figure 6-41), indicating sustained activity. On the whole, most of the abundant 
OTUs in the planktonic communities do not vary greatly between these two zones – contrasting 
to the changes seen in the lactate UAPBR planktonic communities (Figure 6-22). However, a 
Firmicute OTU, Halothiobacillus (60) saw a more than eight-fold increase (3 log2 fold change) 
between the inlet and effluent zone. Zhou et al. (2015) identified a Halothiobacillus within a formate-
supplemented haloalkaliphilic sulphate reducing bioreactor. This genus is implicated in sulphide 
oxidation and autotrophy (Beller et al., 2006; Shi et al., 2011).  In contrast, the Proteobacteria, 
Thauera (106), a selenite reducing microorganism (Schröder et al., 1997), decreased in abundance 
32-fold (5 log2 fold) between these two zones, suggesting primarily citrate and/or yeast extract 
fermentation.  
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Figure 6-41 Log2 fold change of the predominant OTUs, in the lactate UAPBR planktonic communities, 
between the inlet and the effluent zones. OTUs which show a reduced abundance are 
shown in red, while those increasing in abundance are shown in grey. 
Hierarchical clustering resolved the microbial communities based on the abundance of the 
predominating OTUs across each assessed acetate UAPBR community into two all-encompassing 
clusters (Figure 6-42). All attached and associated biofilm communities from a one-day HRT, 
together with the four-day attached and associated community of zone 6 and the four-day HRT 
attached community of zone 1, into a single cluster. All of these samples were dominated by 
Lutaonella (0), Desulfobulbus (58), Lentimirobium (41) and Dethiosulfovibrio (13). Other SRB OTUs 
which were common to these communities included Desulfarculus (97), Desulfobacter (18), 
Desulfobacca (46), Desulfosarcina (53) and Desulfovibrio (95). The planktonic communities, together 
with the associated community of zone 1 at a four-day HRT, formed a separate cluster. The 
planktonic samples clustered into further smaller clusters on the basis of tested HRT, indicating 
gradual changes in the composition of these communities as the HRT was reduced. Desulfovibrio 
(6) was one of the OTUs to be washed out of this reactor at reduced HRT. Other SRB belonging 
to this group of OTUs was a Desulfobacter OTU (18) and Desulfomicrobium (1) which becomes 
dominant at a two-day HRT. It is the absence of predominant SRB in the planktonic community of 
the acetate UAPBR which is thought to account for the decreased sulphate conversions at reduced 
HRT. 
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Figure 6-42 Hierarchical clustering of the relative abundances of the dominant OTUs in planktonic, 
associated and attached communities isolated from the six 0.167 ℓ zones of the acetate-
supplemented UAPBR reactor zones, at hydraulic retention times of one-, two-, three- 
and four-days. Relative abundances were ln(x +1) transformed and hierarchical clustering 
was performed using correlation distance and average linkage (Section 3.9). No row 
centring was performed. The reactor zone from which each sample was isolated, the 
microbial phase and the HRT at which the sample was recovered is shown above the 
heatmap and the legend shown on the right of the heatmap. 
 
6.6 Conclusion 
The acetate- and lactate-supplemented UAPBRs described in this chapter showed literature 
competitive sulphate reducing performance at a range of HRTs. 
Acetate UAPBR 
The acetate UAPBR demonstrated a maximum VSRR of 23 mg/ℓ.h at a one-day HRT. This 
corresponded to a sulphate conversion of 56%. The inlet zone of this reactor exhibited a maximum 
VSRR of 46 mg/ℓ.h at a one-day HRT, corresponding a sulphate conversion of 37%. The sulphate 
reduction rate data collected from the three zones of the acetate-supplemented UAPBR were 
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used to model the rate of sulphate reduction across the reactor at a range of HRT. This found 
that the rate of sulphate reduction in this reactor could be modelled as an irreversible 2.9th order 
reaction, with rate constant, k, of 1.5 x 10-7 mg-1,9ℓ1,9h-1 within an ideal plug flow reactor.  
The dramatic decrease in the rate of sulphate reduction at decreasing concentrations of sulphate, 
as evident in the reaction order of 2.9, is thought to be the result of the consumption of a rate-
limiting substance, predominantly, in the inlet zone of the reactor.  
Evidence that sulphate reduction was linked to electron donors other than acetate was seen in 
the agreement in the observed and predicted acetate and bicarbonate concentrations in the middle 
and effluent zones. These predictions were based on the observed degree of sulphate reduction 
being solely linked to acetate oxidation. The considerable retention of non-SRB in these microbial 
communities indicates that the substrate consumption by these non-SRBs is not negligible. Instead, 
these microorganisms likely perform acetate oxidation in the middle and effluent zones. It is 
therefore concluded that the SRB in these reactors are likely consuming acetate and hydrogen 
generated by the fermentation of yeast extract constituents in the inlet zone. The rate of reaction, 
dependent on the concentration of both sulphate and hydrogen would potentially account for the 
increased reaction order.  
The performance of the acetate-supplemented UAPBR is largely attributed to the degree of 
biomass retention within this system. The biofilm attached and associated communities of the inlet 
zone’s zone 1 was 9.0 x 109 cells/mℓ and 3.5 x 109 cells/mℓ respectively, at a one-day HRT, whereas 
the planktonic cell concentration in the inlet zone at this HRT was just 2.6 x 108 cells/mℓ. The 
biofilm attached cell concentration decreased approximately three-fold by zone two and reached 
a cell concentration of 7.2 x 108 cells/mℓ in zone three, where it stayed relatively constant 
throughout the rest of the reactor. 
These attached and associated communities, at a one-day HRT, were dominated by the 
Bacteroidetes OTU, Lutaonella (0). Notable SRB identified in these biofilm communities include 
Desulfobulbus (58) present in zones 1 to 4, and Desulfobacca (46), Desulfosarcina (53) present in 
these communities in zones 2 to 6. The planktonic communities of this reactor were dominated 
by the Bacteroidetes OTU Pustulibacterium (3) at each tested HRT. Desulfomicrobium (1) and 
Desulfovibrio (6) were the dominant SRB in these communities but decrease in abundance between 
a four- and three-day HRT. This corresponded to poor reactor performance at the three-day 
HRT and is concluded to result from the reduction of these OTUs due to washout. Unlike 
Desulfomicrium (1), the abundance of Desulfovibrio (6) does not recover at subsequent HRT - a 
phenomenon observed in many reactors discussed in this thesis. 
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Lactate UAPBR 
The lactate UAPBR demonstrated a maximum VSRR of 40 mg/ℓ.h at a one-day HRT. This 
corresponded to a sulphate conversion of 96%. The inlet zone of this reactor exhibited a maximum 
VSRR of 54 mg/ℓ.h at a one-day HRT, corresponding a sulphate conversion of 54%. The sulphate 
reduction rate data collected from the three zones of the acetate-supplemented UAPBR was used 
to model the rate of sulphate reduction across the reactor at a range of HRT. This found that the 
rate of sulphate reduction in this reactor could be modelled as an irreversible first-order reaction, 
with rate constant, k, of  0.06955 h-1 within an ideal plug flow reactor.  
Sulphate reduction linked to lactate oxidation was largely restricted to the inlet zone of this 
reactor, with an estimated 75% of the 1.2 g/ℓ feed lactate linked to sulphate reduction. This was 
higher than observed in the lactate CSTR and is postulated to result from the lower sulphide 
concentrations present at the inlet of this reactor, compared to the bulk liquid of the CSTR, or 
the immobilisation of lactate fermenters within the biofilm communities of the inlet zone leading 
to higher biomass concentrations.  
The sulphate reduced within the middle and effluent zone was concluded to be linked 
predominantly to propionate oxidation in the middle zone, and an equal combination of acetate 
and propionate oxidation in the effluent zone.  
As concluded for the acetate-supplemented UAPBR, the performance of the lactate-supplemented 
UAPBR is largely attributed to the levels of biomass retention provided through the incorporation 
of polyurethane foam packing. The concentration of planktonic cells in this reactor was 
approximately 2 x 108 cells/mℓ. The attached cell concentrations of zone 1, at a one-day HRT, was 
2.2 x 1010 mℓ.  
The SRB present in the biofilm communities changed considerably between the inlet and effluent 
of the reactor. Desulfovibrio (6) and Desulfomicrobium (1) were highly abundant in the inlet zone, 
Desulfobulbus (27) was the predominant SRB in the middle zone, Desulfatiglans (91) was dominant 
in the effluent zone and Desulfobacter (18) and Desulfacarina (53) were present in both the middle 
and effluent zones. It is possible therefore to link these SRB to the oxidation of particular electron 
donors due to the localisation of lactate in the inlet zone, propionate oxidation primarily occurring 
in the middle zone and a combination of acetate and propionate oxidation in the effluent zone. 
The predominant non-SRB present in the biofilm communities from the inlet to the effluent of the 
reactor was the Bacteroidetes OTU Lutaonella (0). 
This Bacteroidetes OTU was implicated in acetate and/or propionate oxidation in the planktonic 
communities of this reactor, due to its increase in abundance in the planktonic community 
between the inlet and the effluent of the reactor. Inversely, a Veillonella (11) and an Aeromonas (38) 
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OTU showed a decreased abundance between these zones and are therefore concluded to be the 
major competitors with SRB for lactate in these planktonic communities. The abundance of the 
planktonic SRB, Desulfomicrobium (1) and Desulfovibrio (6) did not vary considerably between these 
two zones and therefore were likely consuming lactate in the inlet zone and acetate and/or 
propionate in the middle and effluent zones.
  
Chapter 7  Integration of the microbial ecology and 
reactor performance 
 
7.1 Introduction 
While the microbial ecology within each of the six BSR reactor of this study are described 
independently in Chapters four to seven, this chapter aims to compare microbial ecology across 
these reactor systems. The BSR reactors are compared based on the observed diversity and the 
distribution of individual microorganisms across the six reactor systems. The distribution of SRB 
across all reactor samples and reactor environments is subsequently compared and related to the 
exhibited performance of the six BSR reactors towards the end of the chapter. 
 
7.2 Results and Discussion 
7.2.1 Alpha diversity and OTU richness 
The samples analysed in this investigation include all planktonic, biofilm-associated and biofilm-
attached assessed using 16S rRNA gene amplicon sequencings from each of the six reactor 
systems, across the HRT study. The mean and median read count per sample was approximately 
29 000 and 30 600 respectively with a minimum goods coverage of 0.996 indicating adequate 
sampling depth had been reached to detect the vast majority of OTUs in these samples. The 
diversity of the microbial communities isolated from each of the six BSR reactors, over the course 
of the HRT study, were evaluated using Shannon indices (Hutcheson, 1970) and are summarised 
in Figure 7-1. Shannon indices are an ecological measure of diversity and are calculated considering 
both the number of OTUs detected and the evenness of the distribution in abundance between 
these organisms.  
The mean and median Shannon indices for the microbial communities within each of the six BSR 
reactor were similar, between 3.5 and 4.5 (Figure 7-1A). These represent reasonably simple 
microbial communities compared to, for example, highly diverse soil microbial communities which 
are often described by Shannon indices greater than 10.0 (Lei et al., 2019). The mean and median 
OTU count within the acetate-supplemented CSTR was the lowest observed in the acetate 
reactors with the UAPBR displaying the highest (Figure 7-1B). The lactate-supplemented UAPBR 
showed a similar distribution of supported OTUs in its microbial communities compared to that 
of the acetate reactors. However, the mean and median OTU count for the lactate-supplemented 
Chapter 7  Integration of the microbial ecology and reactor performance
   
200 
 
CSTR and LFCR were considerably lower than the other four BSR reactors, at approximately 
170 OTUs. Lactate was the predominant electron donor within these two reactors, with little 
subsequent acetate oxidation. This suggests that lactate supports fewer OTUs than acetate, 
possibly due to the greater-supported growth rates and increased competition for this substrate.  
 
 
Figure 7-1 Box and whisker plots of the (A) Alpha diversity, represented as Shannon indices, and (B) 
OTU richness of the microbial communities isolated from the acetate-supplemented (■) 
CSTR, (■) LFCR and (■) UAPBR and the lactate-supplemented (■) CSTR, (■) LFCR and 
(■) UAPBR. The top and bottom of each box represent the 75th and 25th quartiles 
respectively. The mean within each reactor is shown as a cross.  
The acetate CSTR, over the course of HRT study, supported a total of 528 unique OTUs, whilst 
the acetate supplemented LFCR and UAPBR supported 901 and 1129 OTUs, respectively. A 
similar observation was made for the number of OTUs supported within the lactate-supplemented 
reactor configurations, with the CSTR supporting 535 OTUs whilst the LFCR and UAPBR 
supported 638 and 1207 OTUs, respectively. The increased number of OTUs supported by LFCRs 
over the CSTRs is explained by the increased physiochemical environments provided through both 
the planktonic and biofilm environments. The increased number of OTUs supported by the 
UAPBRs over the LFCRs is similarly explained by the increased physiochemical environments 
generated in the UABPRs a result of plug-flow in these systems.  
 
7.2.2 Variation within individual communities 
The variation in the microbial composition within individual communities was assessed by 
performing gene amplicon sequencing on duplicate metagenomic DNA samples isolated from the 
acetate- and lactate-supplemented CSTR (Figure 7-2), LFCR (Figure 7-3) and UAPBR (Figure 7-4) 
reactor communities, simultaneously.  
Variation in the abundance of individual OTUs was low, particularly within planktonic samples. 
Little variation between planktonic communities in the CSTRs and LFCRs (Figure 7-2 and Figure 
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7-3) were expected because of the degree of mixing within these systems. The similarity in 
planktonic samples simply indicates that the two samples were representative of the individual 
planktonic communities. The variation that was observed occurred in the biofilm-associated and 
attached microbial communities of the acetate and lactate supplemented LFCRs (Figure 7-3). 
However, within these samples, the variation occurred within only a handful of OTUs. This 
indicates that the communities within these reactors are largely stable and formed through 
deterministic factors, but antagonistic effects or simply competition between a few dominant 
microorganisms led to observed differences in the microbial community. The consistency in the 
composition of these biofilm communities and the differences in only a handful of OTUs may 
indicate social interactions are leading to spatial developments within these biofilms (Nadell et al., 
2016). Considering this variation involves the SRB Desulfomicrobium (1), this warrants further 
investigation using tools such as fluorescent in situ hybridisation. 
 
Figure 7-2 Rank abundance curves of the planktonic microbial communities isolated from the (A, C) 
acetate- and (B, D) lactate-supplemented CSTRs at a (A, B) four- and (C, D) one-day HRT, 
in duplicate. Error bars represent one standard deviation from the mean. 
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Figure 7-3 Rank abundance curves of the (A, B) biofilm-associated, (C, D) biofilm attached and (E, F) 
planktonic microbial communities isolated from the (A, C, E) acetate- and (B, D, F) lactate-
supplemented LFCRs at a one-day HRT, in duplicate. Error bars represent one standard 
deviation from the mean. 
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Figure 7-4  Rank abundance curves of the (A, B) biofilm-associated, (C, D) biofilm attached and (E, F) 
planktonic microbial communities isolated from the effluent zones of the (A, C, E) acetate- 
and (B, D, F) lactate-supplemented UAPBR at a one-day HRT, in duplicate. Error bars 
represent one standard deviation from the mean. 
 
7.2.3 Distribution of frequently occurring OTUs between prevailing reactor 
environments 
Many observations were made in Chapters four to six relating to the apparent preferential 
conditions for the growth of particular microorganisms. These included the apparent affinity of 
Veillonella (11) for lactate and the enrichment of Lutaonella (0) in biofilm communities. To provide 
stronger evidence for these conclusions, the abundances of OTUs when present under a specific 
environmental condition were compared against when these OTUs were present but the 
environmental condition was not prevailing. A relative abundance cut-off of 0.01% was used to 
determine whether an OTU was present in a sample.  
The first condition tested was the enrichment of OTUs in microbial communities were lactate 
oxidation was prevalent, versus communities where only acetate and/or propionate oxidation was 
taking place. The SRB OTU Desulfomicrobium (1) was found to be significantly enriched in reactor 
environments were lactate oxidation was occurring (Figure 7-5). This SRB OTU was found at a 
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median abundance of about15% in lactate oxidising samples, compared to a median abundance of 
less than 5% in communities where only acetate and or propionate oxidation was occurring. 
However, there were instances when this OTU achieved above 15% relative abundance in 
acetate/propionate oxidising reactor zones indicating this OTU’s propensity for multiple electron 
donors. The other frequently occurring SRB OTU, Desulfovibrio (6), was found to be similarly 
abundant in both reactor zones where lactate and where acetate/propionate oxidation was taking 
place. The distribution of other identified SRB OTUs are further described in Section 7.2.4. 
 
Figure 7-5  The relative abundance of frequently occurring OTUs across the six reactor systems 
present in microbial communities where lactate oxidation (Green) occurs, and in zones 
where propionate and/or acetate oxidation occurs in the absence of lactate oxidation 
(Yellow). A cut-off of 0.1% relative abundance was used to determine whether an OTU 
was ‘present’ in a sample. The data are presented as box plots representing the four 
interquartile ranges. The minimum and maximum of each box plot were calculated by 
multiplying the interquartile range by 1.5. Two-tailed Student t-tests, assuming unequal 
variance (Welch’s test), were used to determine statistical significance. Refer to Table 7-1 
for the number of times an OTU was present under a specific environmental condition. 
Several other frequently occurring non-SRB OTUs were shown to be enriched in reactor zones 
where lactate oxidation was occurring (Figure 7-5). These included the Synergistales classified 
Aminomonas (2), the Proteobacteria Enterobacter (16) and the highly abundant and frequently 
occurring Veillonella (11) OTU. This provides strong evidence that these OTUs are competing with 
SRB for lactate. These OTUs were also present, at far lower abundances, in zones where no 
lactate oxidation was taking place. The presence of these microorganisms in these environments 
indicates that these microorganisms can effectively compete with other microorganisms for 
substrates other than lactate but are adept at competing for lactate. 
Two Bacteroidetes OTUs, namely Pustulibacterium (3) and Lutaonella (0) were also investigated for 
their propensity for differing reactor environments. Pustulibacterium (3) was equally prevalent in 
both lactate and non-lactate oxidising environments. This may indicate the ability of this 
Bacteroidetes to effectively compete for multiple substrates or that it is sourced substrates 
common to both environments, such as amino acids in the yeast extract or citrate and/or. In 
contrast, Lutaonella (0) was highly enriched in zones where no lactate oxidation was determined 
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to have occurred but acetate and/or propionate were found. It was present within these zones 
with a high frequency (Table 7-1) – indicating that this OTU likely performs acetate oxidation.  
This Lutaonella (0) OTU was also highly enriched in biofilm environments compared to planktonic 
environments (Figure 7-6). This Lutaonella, when appearing in a biofilm community, had a median 
abundance of 25% and a maximum observed abundance of 55%. This OTU, under acetate-limiting 
conditions, may compete with SRB for acetate. However, the acetate concentration present in 
the effluent of each of these reactors was high - largely owing to acetate generation from yeast 
extract oxidation. This Bacteroidetes OTU may be desirable for the removal of acetate from the 
effluent of the reactor – a frequent problem little addressed in BSR reactor literature (Widdel, 
1988; Harada et al., 1994). Paracoccus (4) was another OTU which showed enrichment in 
communities were acetate oxidation was prominent. Paracoccus (4) was identified in a total of 40 
communities, 37 of these communities were identified in zones without lactate oxidation and 33 
of these were planktonic communities. Paracoccus (4), like Lutaonella (0), may be an OTU beneficial 
for the removal of COD from the reactor without substantially hindering reactor performance.  
 
Figure 7-6 The relative abundance of frequently occurring OTUs across the six reactor systems 
present in planktonic microbial communities (Blue) and in biofilm attached communities  
(Grey). A cut-off of 0.1% relative abundance was used to determine whether an OTU was 
‘present’ in a sample. The data are presented as box plots representing the four 
interquartile ranges. The minimum and maximum of each box plot were calculated by 
multiplying the interquartile range by 1.5. Outliers are shown as points. Two-tailed Student 
t-tests, assuming unequal variance (Welch’s test), were used to determine statistical 
significance. Refer to Table 7-1 for the number of times an OTU was present under a 
specific environmental condition. 
Abundant and frequently occurring OTUs which were enriched in planktonic environments, over 
biofilm communities, included Pustulibacterium (3), Enterobacter (16) and Veillonella (11). As 
previously stated, Veillonella (11) and Enterobacter (16) are likely the predominant competitors with 
SRB for lactate. The propensity of these OTUs for the planktonic phase indicates that oxidation 
of lactate by SRB could be further favoured by decreasing the proportion of total planktonic cells 
of the total microbial biomass within a BSR reactor.  
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The SRB OTUs Desulfomicrobium (1) and Desulfovibrio (6) were not enriched in planktonic nor 
biofilm communities. These OTUs did, however, have a higher median abundance in planktonic 
communities, indicating these SRB OTUs were more likely to become dominant in planktonic 
environments. These SRB are therefore dynamic, being able to thrive in both planktonic and biofilm 
environments and sustain competitive growth rates on various electron donors. Aminomonas (2), 
too, did not show enrichment in either planktonic nor biofilm communities but similarly showing 
a greater median abundance in planktonic communities (Figure 7-6 and Table 7-1).  
 
Table 7-1  The frequency of the occurrence of OTUs present within the microbial communities of 
the six BSR reactor configurations at various HRT, including the SRB Desulfomicrobium (1) 
and Desulfovibrio (6). A relative abundance cut-off of 0.1 % was used to determine whether 
an OTU was present within a sample. The total number of times an OTU was present is 
shown in the furthest left column of the table. The number of times an OTU was present 
under differing reactor conditions are shown. These include zones where the determined 
predominant electron donors are lactate (Lactate), or either acetate and/or propionate 
Acetate or Propionate), planktonic environments and Biofilm environments. The number 
of samples analysed, falling within each category are shown in parentheses in each column 
heading. 
  
Total 
observations 
(74) 
Acetate or 
Propionate 
(50) 
 
Lactate 
(24) 
 
Biofilm 
(24) 
 
Planktonic 
(50) 
Lutaonella (0) 73 50 23 24 49 
Desulfomicrobium (1) 73 49 24 23 50 
Aminomonas (2) 74 50 24 24 50 
Pustulibacterium (3) 74 50 24 24 50 
Paracoccus (4) 40 36 4 7 33 
Arcobacter (5) 64 40 24 17 47 
Desulfovibrio (6) 74 50 24 24 50 
Macellibacteroides (9) 73 49 24 23 50 
Dethiosulfovibrio (10) 74 50 24 24 50 
Veillonella (11) 41 17 24 13 28 
Enterobacter (16) 72 48 24 23 49 
7.2.4 Distribution of SRB across reactor environments and implications for reactor 
performance 
Most of the identified SRB could not be included in the statistical analyses of Section 7.2.3 because 
many of the identified SRB occurred in few samples. This section examines the precise location of 
each of the identified SRB. The distribution of these SRB is related to the exhibited performance 
of each of the tested BSR reactors. 
All of the SRB which were identified in the acetate planktonic environments were also present in 
biofilms where acetate/propionate oxidation was prominent (Figure 7-7). This was true also of 
SRB in lactate planktonic samples and biofilm samples. The total SRB diversity was therefore held 
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within the biofilms in these reactors. A number of SRB were isolated to biofilms where acetate 
and/or propionate were the only available electron donors.  
Two Desulfovibrio OTUs, namely OTUs 39 and 47, were only identified in communities where 
lactate was present (Figure 7-7), whereas the remaining SRB identified in zones of lactate oxidation 
were also observed in zones where acetate or propionate oxidation was prominent. This suggests 
the latter group of SRB can metabolise both lactate and acetate as electron donors.  
Six SRB were only identified where acetate and/or propionate oxidation were the predominant 
electron donors, and lactate oxidation was not taking place. This is remarkable because both 
acetate and sulphate were available in the zones where lactate oxidation was taking place. These 
SRB become dominant in the middle and effluent zones of the UAPBRs indicating their absence in 
the zones of lactate oxidation are not due to out-competition for sulphate or constituents of yeast 
extract. The ‘out-competition’ of these acetate-oxidising SRB appears to depend on the proximity 
to lactate oxidising microorganisms. Therefore, the growth of these six SRB appears to be 
inhibited, possibly through the production of antimicrobial compounds (Hibbing et al., 2010), or 
simply out-competed for space by lactate-oxidising microorganisms.  
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Figure 7-7 The presence of the putatively identified SRB OTUs, at ≥1% relative abundance, in the 
biofilm and planktonic communities within reactor zones where lactate or acetate and 
propionate are the determined predominant electron donors. The predominant electron 
donor in the effluent zone of the lactate-supplemented UAPBR, for example, is classified 
as Acetate/Propionate. 
Only two SRB were present in acetate and lactate planktonic and biofilm communities, namely 
Desulfovibrio (6) and Desulfomicrobium (1). These frequently occurring SRB appeared in each of the 
six BSR reactors, within most reactor zones and microbial phases (Figure 7-8). Desulfobacter (18) 
was also highly prevalent, present in both UAPBRs, the acetate-supplemented LFCR and lactate-
supplemented CSTR (Figure 7-8). This SRB OTU was found in biofilm communities where lactate 
was the predominant electron donor and where acetate and/or propionate were the predominant 
electron donors (Figure 7-7). 
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Figure 7-8 The presence of the putatively identified SRB OTUs, at ≥1% relative abundance, in the 
biofilm and planktonic communities of the acetate- and lactate-supplemented CSTR, LFCR 
and UAPBRs during the course of the HRT study. 
 
The CSTR held less SRB diversity (above 1% relative abundance) than the respective LFCR and 
UAPBRs. This is likely a result of the single environmental condition created in the CSTRs as 
discussed in Section 7.2.1. This single environment likely results in a trade-off, selecting for faster-
growing SRB with a lower affinity for sulphate and against SRB which are slower growing but have 
a higher affinity for acetate and sulphate which would confer the system with improved sulphate 
conversions.  
The acetate-supplemented UAPBR and LFCR both performed well compared with other acetate 
supplemented reactors described in the literature, as discussed in Chapters five and six. The 
UAPBR achieved sulphate conversions approximately 21% higher than the LFCR at each tested 
HRT (Figure 7-9 A). Both of these systems supported relatively diverse SRB consortiums which 
were both more diverse than those supported by the CSTR. A number of SRB that were identified 
in both the LFCR and UAPBR including Desulfarculus (97) Desulfovibrio (108) Desulfobulbus (58) and 
Desulfatitalea (177). The SRB OTUs Desulfobulbus (58) and Desulfatitalea (177) were only found in 
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zones where no lactate oxidation occurred, while Desulfatitalea (177) occurred in the effluent zone 
of the UAPBR, indicating that this SRB is likely adept at scavenging sulphate.  
 
 
Figure 7-9 The integrated performance of the (A) acetate-supplemented and (B) lactate-
supplemented CSTRs, LFCRs and UAPBRs in terms of the volumetric sulphate reduction 
rates (VSRRs) achieved at increasing volumetric sulphate loading rates (VSLRs), increased 
through the reduction in the applied HRT. The error bars represent one standard 
deviation from the mean. The theoretical sulphate conversions of 100% (solid line), 66% 
(dashed line) and 33% (dotted line) are plotted alongside. The competition for lactate 
between SRB and fermentative microorganisms in the lactate-supplemented BSR reactors 
was assessed through (C) estimating the proportion of feed lactate which was consumed 
by SRB  and (D) comparing the molar ratio of lactate utilised to sulphate reduced in the 
three lactate-supplemented BSR reactors.   
 
As discussed in Chapter 5, the lactate-supplemented LFCR underperformed compared to the 
lactate-supplemented CSTR. The LFCR held a great deal more SRB diversity than the CSTR but 
this diversity alone was not sufficient to ensure adequate system performance. The lactate-
supplemented CSTR, LFCR and UAPBR displayed similar proportions of lactate estimated to have 
been consumed by SRB (Figure 7-9 C). The degree of lactate oxidation by SRB, on average over 
the course of the HRT study, was only marginally lower in the LFCR than the other two reactor 
configurations. This is counterintuitive when considering the far greater VSRR achieved by the 
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UAPBR compared with the other reactor configurations (Figure 7-9 B). The lactate-supplemented 
UAPBR was able to maintain near complete sulphate removal during the HRT study, reaching a 
maximum VSRR of 40.1 mg/ℓ.h at a one-day HRT. This performance is partially attributed to the 
out-competition of lactate fermenting microorganisms by SRB in the inlet zone but is similarly 
attributed to the subsequent acetate and propionate oxidation in the middle and effluent zones by 
a largely distinct SRB consortium (Figure 7-8). 
The role of acetate and propionate oxidising SRB in the lactate-supplemented UAPBR is 
particularly evident when comparing the ratio of ‘lactate utilised to sulphate reduced’ by each 
lactate-supplemented reactor (Figure 7-9 D). This ratio observed above 2.0 in the CSTR and LFCR 
indicates incomplete lactate oxidation and lactate fermentation. A ratio of above 2.0 is also 
observed leaving the inlet zone of the lactate-supplemented UAPBR but this decreased to 
approximately 1.4 when considering the entire length of the reactor. This indicates a large degree 
of complete lactate oxidation – oxidation of the produced acetate and propionate. The UAPBR 
was, therefore, the only reactor able to effectively use lactate and acetate. The SRB isolated to 
the middle and effluent zones of this reactor included Desulfovibrio (84), Desulfatiglans (91), 
Desulfobulbus (27) and Desulfobacca (46). These SRB were not identified in either of the lactate-
supplemented CSTR nor LFCR, but some were identified in the acetate-supplemented UAPBR 
and LFCR. The performance of the lactate-supplemented LFCR would likely be improved by 
enabling this system to harbour more of these acetate oxidising SRB. As demonstrated in Figure 
7-7, these SRB appear to be isolated to zones where no lactate oxidation is occurring 
simultaneously, indicating that the cultivation of these SRB in this system requires zoning.  
7.3 Conclusions 
The diversity of microbial communities within BSR reactors supplemented with lactate were found 
to be lower than within reactors supplemented with acetate. Similarly, the CSTRs held less total 
diversity than the LFCRs and the LFCRs appeared less diverse than the UAPBRs. It is not certain 
whether increased microbial diversity is advantageous for reactor performance and remains an 
observation. 
The sequencing of duplicate microbial metagenomic samples indicated that the microbial 
populations are largely stable and differences are likely the result of deterministic factors. Most 
gene amplicon sequencing performed in this study was performed using individual samples and this 
provides evidence these individual samples are representative of their microbial communities. 
Some variation in the relative abundance of few OTUs is seen between duplicate biofilm samples 
and warrants further study into the spatial distribution of microorganisms within biofilms of BSR 
systems. 
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There is clear evidence that many OTUs within the BSR reactors show strong preferences for 
differing physiochemical environments. These include the enrichment of Veillonella (11) and 
Enterobacter (16) in zones where lactate is available. These two OTUs were also shown to be 
enriched in the planktonic phases. These are concluded to be the major competitors of SRB for 
lactate and therefore the minimising of the planktonic phase within lactate supplemented BSR 
reactors should be investigated. Inversely, other OTUs show enrichment in acetate environments 
and biofilm communities. These non-dissimilatory sulphate-reducing microorganisms may improve 
reactor performance by contributing to the removal of COD in the form of acetate.  
Assessing the distribution of SRB across reactors allowed several valuable observations to be 
made. Firstly, SRB diversity was held within biofilm communities, with every SRB identified in a 
planktonic community also being identified within a biofilm, but not vice-versa. Secondly, many 
SRB only became dominant in microbial communities where lactate is not available. These acetate 
and propionate oxidising SRB appear to be inhibited or out-competed by lactate-oxidising 
microorganisms. It is these SRB which are expected to confer BSR reactors with high sulphate 
conversions because of the sustained dominance of these acetate-oxidising SRB in reactors zones 
with little available substrate. Thirdly, the SRB communities showed changes throughout the height 
of the UAPBRs and show substantial differences with the SRB held in the LFCRs. This provides 
strong evidence in support of hypothesis 1 (Section 2.10.1). This hypothesis stated that the 
communities throughout plug-flow reactors would change throughout the height of the reactors 
and these communities would be different from those within well-mixed reactors. This was based 
on the varying conditions generated as a result of the differing hydrodynamics.  
The success of the lactate-supplemented UAPBR was attributed largely to the ability of this reactor 
to harbour both lactate- and acetate-oxidising SRB. This allowed nearly complete removal of the 
feed 1 g/ℓ sulphate. The effective use of lactate as an electron donor for semi-passive BSR 
treatment requires that the generated acetate and propionate be used for sulphate reduction. This 
allows less lactate to be required, offering lower operating costs, and prevents the discharge of 
high COD from these reactors. 
It is important to note that few to no SRB implicated in acetate-oxidation in the UAPBRs were 
present in either of the lactate-supplemented LFCR nor CSTR. The success of the LFCR 
supplemented with lactate, therefore, requires the system to be modified so as to allow acetate-
oxidising SRB to become dominant. This did not occur and therefore provides strong evidence 
against hypothesis 2. This hypothesis anticipated slower-growing acetate oxidising bacteria to 
become dominant on the carbon microfibres and confer the reactor with acetate oxidation linked 
to sulphate reduction. It is suggested that zoning this reactor, to spatially separate lactate and 
acetate oxidation, is required to stimulate the growth of these acetate-oxidising SRB. 
  
Chapter 8  Genome-resolved metagenomics of BSR 
reactor systems 
 
8.1 Background 
Metagenomic DNA samples isolated from the six continuous reactor systems, at a four-day steady-
state and the original inoculum used to inoculate the reactors, were sequenced by whole-genome 
shotgun sequencing as described in Section 3.10. The reactor samples selected for whole-genome 
sequencing are described in more detail in Table 8-1below. 
Table 8-1 Metagenomic samples selected for whole-genome shotgun sequencing. These samples are 
described by the reactor configuration these samples originate (for both acetate and 
lactate systems) and whether they originate from a free-floating planktonic microbial 
sample or were extracted directly off solid support structures (attached). Each sample 
was sequenced in duplicate. 
 
Reactor 
 
Reactor Zone 
 
 
o 
Phase 
 
 
 
 
 
 
 
Inoculum n/a Planktonic 
CSTR n/a Planktonic 
LFCR Inlet zone Planktonic 
 Attached 
UAPBR Inlet zone Planktonic 
  Attached 
 Middle zone Planktonic 
 Effluent zone Planktonic 
  Attached 
 
These reactor samples were selected in order to recover as many microbial genomes associated 
with the BSR process as possible. The generated sequencing data were quality controlled as 
described in Section 3.10.2 before undergoing assembly, annotation and binning as described in 
Section 3.10.2 and Section 3.10.3.  
8.2 Genome statistics 
A total of 163 microbial genomes, 162 bacterial and a single archaeal genome, were recovered 
from the 34 duplicate sequenced samples after genome dereplication. Less than 1% of the contigs 
within each metagenome were classified as eukaryotic and were present at low coverage. As a 
result no eukaryotic genomes could be recovered. Viral genomes were recovered but are not 
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reported in this thesis. All recovered microbial genomes were deemed high-quality due to an 
average and minimum completeness of 95 and 75%, respectively, based on the recovery of bacterial 
and archaeal single-copy genes (Figure 8-1). This excludes a Microgametes genome which recorded 
a completeness of 64% and a genome size of just 0.9 Mbp. This organism is classified as a member 
of the candidate phyla radiation (CPR) which typically have greatly reduced genomes sizes, which 
initially led to the speculation that these microorganisms must live symbiotically with a host 
microorganism (Hug et al., 2016). Although lacking many common bacterial single-copy genes, it 
is expected that this genome is relatively complete. A summary of the statistics associated with 
the most prevalent of the recovered genomes is shown in Table 8-2. The degree of contamination 
between genome bins was low, with 90% of the genome bins having an estimated contamination 
of less than 4%. This level of contamination and completeness is attributed to the relatively simple 
reactor microbial communities – with few microorganisms dominating any given sample. It was 
found that half of the genomes which appeared in a sample above 1% relative abundance would 
do so in more than one sample. This enabled improved binning of these genomes through a “time-
series binning” approach (Section 3.10.3) and dereplication of the highest quality of the repeated 
genomes. Although the occurrence of genomes in multiple samples led to improved genome bins, 
individual genomes would co-occur in relatively few samples. The varied ecology between these 
similarly operated reactors indicates that the different reactor environments suggest substantial 
heterogeneous selective pressure on the original inoculum community. Although, there is room 
to discuss whether many of these resulting microorganisms are present due to deterministic or 
stochastic factors (Stegen et al., 2012; Dini-Andreote et al., 2015), the enrichment of particular 
genes and gene pathways independent of the microorganism in which they are found, is almost 
certainly a result of deterministic factors (see Section 8.6). Instances of this are discussed 
throughout this chapter. The differing growth kinetics between microorganisms with similar 
metabolism would also likely explain many of these differences between microorganisms with 
similar metabolic attributes.  Relatively few 16S rRNA genes were binned with the recovered 
genomes (Table 8-2). This is not uncommon, as the highly conserved regions and multi-copy of 
this nature of this gene make it exceedingly difficult to accurately bin (Yuan et al., 2015). Future 
efforts to further curate these genomes should allow the recovery of more 16S rRNA gene 
sequences from the remaining un-binned contigs. 
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Figure 8-1  Genome bin quality shown as (A) genome contamination as a function of genome 
completeness for each of the 163 recovered genomes bins from the BSR reactor and 
inoculum communities. The number of genome bins lying in a particular range of (B) 
contamination and (C) completeness is shown, with the majority of these bins showing 0-
2% contamination and >96% completeness. 
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Table 8-2 Genome statistics of the 68 most abundant of the 163 recovered microbial genome bins. 
These genome bins are described by their GC percentage, the average coverage from the 
dereplicated genome bin, the number of contigs in the genome bin, the number of 
features/genes, the bacterial and archaeal single-copy genes and the number of multi-
copies (MC) of each, the estimated genome completeness and contamination, the size of 
the genome, the median contig length in each bin (N50), the presence of 16S rRNA 
gene(s), and the number of times a genome appeared in one of the 17 samples above one 
and above five percent relative abundance (RA). Genome statistics of all 163 recovered 
genomes can be found in Section A.5. 
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8.3 Phylogeny 
The genome bins were initially classified using the rpS3 gene sequences and confirmed using a 
phylogenetic tree built (Figure 8-2) using concatenated alignments of 16 ribosomal protein 
sequences, as described in Section 3.10.5. Nearly three-quarters of the genomes recovered were 
classified to either Proteobacteria, Bacteroidetes or Firmicutes. Of the 22 genomes capable of 
dissimilatory sulphate reduction (Section 8.5.1 - Sulphur metabolism) 21 were classified as 
Deltaproteobacteria and one as a Clostridia (class of Firmicutes). Other phyla to which a number 
of genomes were classified, and showed high abundances in a number of samples, include 
Verrumicrobia, Thermotogae, Synergistetes and Spirochaetes. A number of phyla were only 
constituted by a single recovered genome. None of these microorganisms were dominant, above 
2.5 % relative abundance, in any of the samples and included a Euryachaeota, the only recovered 
archaea genome, a Microgenomates, an Actinobacteria, a Chlorobi, an Atribacteria and a 
Cloacimonetes (Figure 8-2). 
 
Figure 8-2  The phylogeny and phylum-level classification of the recovered genomes from the BSR 
reactor and inoculum microbial communities. This phylogenetic tree was constructed by 
the neighbour-joining method, using FastTree v2.1, of concatenated ribosomal protein 
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sequence alignments as described in Section 3.10.5. Branch orders were improved by 
applying maximum-likelihood rearrangements using the Jukes-Kantor model. The branches 
of the tree have been collapsed at the phylum level and the number of microorganisms 
classified to each phylum is shown in parentheses. Note that the phylum Tenericutes 
branches from within the Firmicutes phylum and therefore these two phyla are collapsed 
together. Phyla which contain confirmed SRB are denoted by an asterisk. A detailed 
phylogenetic tree with bootstrap values and reference sequences can be viewed at 
https://itol.embl.de/ (shared project of hsstom001). 
 
8.4 Community stability and instantaneous growth rates 
iRep values (Brown et al., 2016) were calculated for all recovered bins which met the required 
criteria of ≥5x coverage, ≥98% of the genome remaining after iRep coverage filtering and r2 values 
of greater than 0.9 for fitted iRep regressions (Section 3.10.6). The distribution of iRep values of 
genome bins with ≥1% relative abundance are shown for each reactor sample (Figure 8-3).  
 
Figure 8-3  Community stability represented as iRep values calculated for dominant organisms 
(present at ≥1% relative abundance) in the acetate (orange) and lactate (green) planktonic 
(light) and attached (dark) microbial communities of the CSTRs, LFCRs and UAPBRs at a 
four-day HRT. Mean iRep values of each sample are indicated by a cross. 
 
The operated HRT of four-days (0.01 h-1) was one of the longest tested and limits the observed 
microbial doubling time, at steady-state, to an average of 0.01 h-1 in the planktonic phases of the 
reactors. All 16 reactor community samples exhibited mean and median iRep values between 1.2 
and 1.5, respectively (Figure 8-3). The majority of these samples showed little variance from the 
respective means indicating stability in the composition of these microbial communities. However, 
the lactate CSTR, the lactate LFCR planktonic and the inlet attached community of the lactate 
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UAPBR showed a high degree of variance in the observed iRep scores. This suggests a degree of 
fluctuation in the composition of the microbial communities at the time of sampling. One can 
expect microorganisms with low iRep values to decrease in rank abundance with time, while the 
inverse is true for microorganisms with higher iRep values (Brown et al., 2016). 
The mean and median iRep values in the inlet planktonic phases of both UAPBRs is similar to that 
observed in the respective CSTR communities (Figure 8-3). The distribution of iRep values across 
the two UAPBR’s planktonic microbial communities did not vary throughout the length of the 
reactors. It was observed that the sulphate reduction, lactate oxidation and citrate oxidation rates 
were far higher in the inlet zones than the middle- and effluent zones. The largely constant 
planktonic cell concentration and the little variation in iRep values within and between the three 
planktonic communities of the UAPBRs suggests that these communities are not responsible for 
the magnitude of the observed reactions in the inlet zones. Instead, this data suggests that the 
degree of substrate utilisation of the biofilm communities is substantial enough to severely restrict 
the growth of the planktonic communities. This resulted in similar planktonic cell concentrations 
in the inlet and effluent zones despite the considerable difference in substrate concentrations. This 
conclusion is supported by far the greater cell concentrations within the bioilm communities 
compared to the planktonic communitiies in the inlet zones. Furhther, mean iRep value of the 
attached communities of the inlet and effluent zones of both UAPBRs was greater than 1.3. This 
indicates that these biofilms represent metabolically active communities. There were no outliers 
below the calculated minimum iRep score, indicating that all organisms in the biofilms above 1% 
relative abundance were active and reproducing. Some of the highest volumetric sulphate 
reduction rates observed in this study were observed within the inlet zones of the UAPBRs 
(Section 6.2.1 and Section 6.4.1). It was concluded in chapter five, from the high biomass retention 
on the polyurethane foam, that the biofilm-associated communities contributed more substantially 
to the VSRR than the planktonic phase and this is further supported by the observed iRep values. 
This contributes to the body of evidence that highlights the significance of biofilm communities in 
these BSR reactor systems (Kuo and Shu, 2004; Harrison et al., 2014; van Hille et al., 2015; Zhang 
et al., 2016; Hessler et al., 2017). This was further substantiated by the reduced planktonic 
concentration of the LFCRs and UAPBRs in comparison to that of the purely planktonic CSTRs 
(Sections 5.2.1 and 5.4.1).  
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8.5 Metabolism overview 
This section describes the inferred metabolic potential of the microorganisms and microbial 
communities within the BSR systems, based on their genetic features. It is important to note that 
the presence of a pathway in a genome does not alone provide evidence that this pathway is 
actively expressed. Numerous metabolic features are only transcribed under conditions which 
may not have been prevailing at the time of sampling (Neidhardt et al., 1990). Contrary to this, 
the absence of a particular metabolic pathway within an organism’s genome provides strong 
evidence against that microorganism partaking in that form of cellular metabolism. The 
combination of metagenomics together with metatranscriptomics, metaproteomics and/or 
metabolomics as well as, in this instance, detailed physiochemical data and reaction kinetics, can 
be used to elucidate the role of particular organisms, or groups of microorganisms, within a mixed 
microbial community (Desai et al., 2010; Simon and Daniel, 2011; Starke et al., 2016). The following 
section provides a detailed overview of the metabolic capacity of the recovered metagenomes and 
the most abundant microorganisms present in the bioreactor samples. 
8.5.1 Sulphur metabolism 
Genes required for dissimilatory sulphate reduction were found in 22 genomes and these 
microorganisms could, therefore, be characterised as SRB. Approximately 21 of these genomes 
classified as Deltaproteobacteria and one to the phylum Firmicutes, namely - Desulfotomaculum 
gibsoniae (Figure 8-5). These genomes contained at least two of three dsrABD dissimilatory sulphite 
reductase subunits as well as either aprA (adenylylsulphate reductase, EC:1.8.99.2) or sat (sulphate 
adenylyltransferase, EC: 2.7.7.4). The majority of these identified contained a full pathway for 
dissimilatory sulphate reduction. Two low abundance genomes, classified as Desulfovibrio, lacked a 
dsr subunit as well as either sat or aprA. It is speculated that these genes exist on contigs belonging 
within this genome bin but were not binned as a result of the low coverage. The cumulative 
abundance of the detected SRB was highly variable throughout the 16 reactor samples (Figure 
8-4). SRB were most dominant in the lactate UAPBR reactor communities (50-60% of these 
reactor communities), but only comprised approximately 7% of the total acetate CSTR microbial 
community. The specific sulphate reduction rate, per SRB cell, is far higher in the acetate CSTR 
than any other reactor.   
Assimilatory sulphate reduction was also investigated. Assimilatory sulphate reduction gene 
pathways were found in only three non-SRB genomes. The supplementation of yeast extract is 
likely to have removed the selective pressure for microorganisms to perform assimilatory sulphate 
reduction for the synthesis of sulphur-containing amino acids. The minimal representation of 
assimilatory sulphate reduction in the genomes is, therefore, unsurprising.   
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Although little sulphur was unaccounted for, based on the degree of sulphate reduction and 
sulphide generation, the ability to perform sulphide oxidation using the sox gene cluster was 
investigated. Nine genomes contained at least one subunit of each soxAX, soxYZ and soxCD as well 
as contained soxB. All of these genomes were classified as Proteobacteria. The presence of sox 
genes in these genomes may not be notable for the functioning of the reactor systems of this study 
but has implications for the subsequent processes required to remove the sulphide these systems 
generate (Marais, 2019). The presence of these microorganisms should allow spontaneous 
biological sulphide oxidation to occur, upon the exposure of this community to oxygen. Therefore, 
the microbial community present within these anaerobic BSR reactor systems contains the 
required microorganisms necessary for the inoculation of theoretical biological sulphide oxidation 
system.  
 
 
Figure 8-4  The cumulative proportions of the BSR reactor and inoculum microbial communities with 
the genetic capacity to perform dissimilatory sulphate reduction and sulphide oxidation. 
The proportion of each microorganism within a microbial community, possessing genes 
for these processes, were summed and displayed as a spider plot. Reactor samples are 
described by the reactor’s supplemented electron donor [acetate (Ace) or lactate (Lac)], 
the reactor configuration and reactor zone, and the microbial phase [planktonic or biofilm 
(attached) community]. 
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Figure 8-5 Metabolic features of the most abundant of the 163 recovered microbial genome 
bins.  Genes and genes pathways used to attribute genomes with particular metabolic 
functions are described in detail in Appendix A.5.1. Genomes containing genes for 
dissimilatory reduction are ordered first followed by non-SRB ordered from highest to 
lowest observed relative abundance (RA) in any one reactor sample. 
 
8.5.2 Volatile fatty acid metabolism 
Some of the major conclusions arising from the 16S rRNA amplicon sequencing, described in 
Chapters 4-7, were the association of specific microorganisms with the oxidation of particular 
electron donors. The recovery and annotation of the genomes in these systems has allowed for 
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the validation of these associations between particular microorganisms and these metabolic 
reactions. The presence of genes demonstrating the capacity to metabolise the provided electron 
donors were investigated.  
Many enzymes in the following pathways are bidirectional and many of the overall reactions can 
be catalysed by the sequential action of various sets of enzymes. Attributing a particular metabolic 
feature to a particular microorganism is dependent on the presence of various enzymes, some of 
which are crucial for these forms of metabolism (Appendix A.5.1, Section 2.4). However, in many 
instances, it is difficult to discern whether a microorganism is able to consume and/or produce 
particular VFAs based on genome annotation alone. The extent of oxidation of these VFAs in the 
reactor systems confirms these oxidation reactions are readily occurring, but the assumption of 
the direction of these pathways in a microorganism may still risk being a false positive.  
Lactate oxidation 
The capacity for a microorganism to metabolise lactate was inferred from the presence of one or 
more gene(s) encoding a lactate dehydrogenase (EC: 1.1.1.27; EC: 1.1.2.4; EC: 1.1.2.5; EC: 1.1.5.12; 
EC: 1.1.1.28; EC: 1.1.2.4) and one of several enzyme pathways for lactate oxidation including the 
incomplete oxidation of lactate to propionate via the Methylmalonyl and Acrylyl pathways, and the 
incomplete oxidation of lactate to acetate via a variety of enzyme catalysed reactions.  
One or more lactate dehydrogenase genes were found in 124 genomes. All of these genomes had 
the genetic capacity to oxidise lactate incompletely to acetate and 75 genomes were found to be 
capable of lactate degradation via the Methylmalonyl pathway, but none via the Acrylyl pathway. 
The few genome bins which were unable to metabolise lactate included 8 Firmicute, 7 
Bacteroidetes and 5 Spirochaetes genomes (Table 8-3). Genes relating to lactate metabolism were 
found in all but three SRB genomes. These three genomes were classified as Desulfotomaculum 
gibsoniae, Desulfobacca acetoxidans and a low abundance Desulfovibrio genome (Figure 8-5). The 
absence of genes relating to lactate metabolism in the recovered Desulfobacca acetoxidans genome 
is in accordance with other reports (Göker et al., 2011). 
The proportion of the communities capable of lactate oxidation, in reactor zones where lactate 
oxidation was observed, varied from 70 to 85% (Figure 8-6).  The remaining proportion of these 
communities must, therefore, sustain growth on alternate sources of organic carbon, or through 
autotrophy. Similar proportions of microorganisms capable of lactate oxidation were observed in 
several acetate reactor communities. The proportion of the planktonic microbial communities of 
the lactate UAPBR capable of lactate oxidation decreased from 85% in the inlet-zone to 75 and 
73% in the middle-and effluent-zones, respectively. The inverse trend was observed for the 
proportion of the communities able to oxidise propionate (Figure 8-6) increasing from 22% in the 
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inlet zone to 36% in the middle-zone and then decreasing to 32% in the effluent-zone. This change 
in genetic potential corresponds with the localisation of the observed lactate and propionate 
consumption in this reactor. 
Acetate metabolism 
The ability to metabolise acetate was inferred from a genome by the presence of genes encoding 
for enzymes required for the first step of acetate oxidation, the conversion of acetate to acetyl-
CoA (Section A.5, Methodology). The conversion of acetate to acetyl-CoA can be catalysed by 
either acetyl-CoA synthetase (EC:6.2.1.1) or by sequential action of acetate kinase (EC:2.7.2.1) 
and phosphate acetyltransferase (EC:2.3.1.8). Subsequently, the mechanism of acetate oxidation 
was investigated and included the reverse Wood Ljungdahl pathway, the TCA cycle (reference 
pathway ko00020) and the modified TCA (Londry and Des Marais, 2003). Genes required for 
acetate oxidation were fairly common amongst the recovered genomes, present in 93 of the 163 
recovered genomes. Of these genomes, 7 could perform acetate oxidation via the reverse Wood 
Ljungdahl pathway (reference pathway ko00720) and 79 via a modified TCA cycle using pyruvate 
ferredoxin oxidoreductase (EC: 1.2.7.1). These pathways were particularly abundant in 
Proteobacteria, Bacteroidetes and Spirochaetes genomes (Table 8-3). Genes for acetate oxidation 
were less prevalent than those for lactate oxidation, appearing in a minimum proportion of 46% 
of the acetate CSTR community and observed at a maximum of 76% of the lactate UAPBR effluent 
attached community (Figure 8-6). 
Formate metabolism 
During some forms of anaerobic respiration, pyruvate is acted on by formate C-acetyltransferase 
(EC: 2.3.1.54) to form acetyl-CoA and formate. This generated formate can in turn act as a valuable 
substrate for many anaerobic microorganisms and represents an important intermediate in 
syntrophic anaerobic environments (Jormakka et al., 2003). 
Genes encoding formate dehydrogenase were found in 86 of the 163 recovered genomes. Formate 
dehydrogenases have been shown to catalyse the oxidation of formate linked to the reduction of 
NAD+ but have also been shown to act in reverse in carbon fixation pathways (Yu et al., 2017). 
These genes were represented in an average of 51% of the microorganisms within each reactor 
system. In most instances, the representation of these genes in a reactor community was 
somewhat correlated with the representation of autotrophic pathways (Section 8.5.4) in these 
communities, perhaps indicating a more anabolic role of these genes. However, the representation 
of formate dehydrogenase (EC: 1.2.1.2 / EC: 1.2.2.1) genes was greater than that of autotrophic 
pathways in the acetate CSTR, lactate LFCR and lactate CSTR communities, respectively. This may 
indicate that a proportion of these microorganisms were involved catabolic oxidation of formate 
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to CO2. Formate could arise in these organisms from the action of formate c-acetyltransferase 
(EC: 2.3.1.54) acting on pyruvate, generated from lactate, citrate, or amino acid oxidation, to form 
acetyl-CoA and formate (KEGG reaction R00212). In this instance, microorganisms will use 
organic carbon as an electron acceptor resulting in the generation of formate. Both formate and 
hydrogen can be formed during anaerobic metabolisms as electron sink products (Grobicki and 
Stuckey, 1989), but the production of formate, over of hydrogen production, appears to only be 
favoured at above neutral pH (Zoetemeyer et al., 1982; Voolapalli and Stuckey, 2001). Considering 
that the pH in the BSR reactors of this study rarely reached beyond 7.5, the far greater prevalence 
of hydrogen evolving hydrogenases (See Section 8.5.5) compared to formate metabolising genes 
is in line with other studies. 
Formate dehydrogenases can, however, also be involved in methane oxidation. However, the gene 
encoding methane monooxygenase (EC: 1.14.13.25), catalysing the first reaction of methane 
oxidation, was only present in two low-abundance genomes, Thiomonas_65_14 
and  Brevundimonas_diminuta_67_12, indicating this reaction is unlikely to be occurring in these 
systems. 
Genes involved in methanogenesis were detected in the single archaeal genome found exclusively 
in the inoculum and was not present in any of the reactor communities. The absence of 
methanogens in these reactors is explained by the treatment of the inoculum with the 
methanogenic inhibitor BESA. This was intended to allow acetate oxidising SRB to dominate the 
reactors and ensure successful SRB colonisation, minimising the start-up period. It is notable that 
this dominance was maintained absolutely for the duration of the study. 
Propionate oxidation 
It was demonstrated in Chapters 3 to 5 that a portion of lactate underwent fermentation to form 
propionate and acetate. Evidence of propionate oxidation was most prevalent in the lactate 
UAPBR where propionate generated in the inlet zone was not detected leaving the middle zone 
of the reactor. The capacity to oxidise propionate was therefore investigated and was inferred by 
the presence of one or more of three genes which encode enzymes which act on propanoyl-CoA 
and convert this to (S)-2-Methylmalonyl-CoA (Methylmalonyl carboxyltransferase (EC:2.1.3.1) or 
propanoyl-CoA carboxylase (EC:6.4.1.3)) or 2-methylcitrate  synthase (EC:2.3.3.5). At least one 
of these three genes were present in 75 genome bins, most of which contained the gene for 
methylcitrate synthase (EC:2.3.3.5). All genomes classified as Bacteroidetes, approximately half of 
Proteobacteria and a third of Firmicutes genomes were found to be capable of propionate 
oxidation (Table 8-3). A Desulfobulbus detected in the attached and associated community of zones 
three through to six of the lactate UAPBR, by 16S rRNA gene amplicon sequencing, was implicated 
in propionate oxidation as described in Section 6.2.4, based on relative abundance across 17 
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samples. Three other SRB contained genes indicating the propensity of these microorganisms to 
oxidise propionate: 
Desulfobacterales_57_55,  Desulfobulbus_propionicus_52_45 and   Desulfobacca_acetoxidans_
53_18. 
Vanwonterghem et al. (2016) performed a genome-resolved metagenomic analysis of an anaerobic 
digestor and used a similar method to identify potential propionate oxidising microorganisms. 
These authors identified three Syntrophobacterales microorganisms which were likely capable of 
propionate oxidation. These three microorganisms were credited with maintaining low propionate 
concentrations in this reactor. The very high propionate concentrations seen in the lactate-
supplemented BSR (>150 mg/ℓ) reactors of this study explain the pervasiveness of these genes 
through the BSR reactor communities.  
 
 
 
Figure 8-6 The cumulative proportions of the BSR reactor and inoculum microbial communities with 
the genetic capacity to perform several forms of volatile fatty acid oxidation. The 
proportion of each microorganism within a microbial community, capable of performing 
the described volatile fatty acid oxidation, were summed and displayed as a spider plot. 
Reactor samples are described by the reactor’s supplemented electron donor [acetate 
(Ace) or lactate (Lac)], the reactor configuration and reactor zone, and the microbial 
phase [planktonic or biofilm (attached) community]. 
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Table 8-3 Overview of the metabolic capacity of the 163 recovered genomes from the 17 sequenced 
bioreactor and inoculum samples. Metabolic features include the capacity to oxidise 
several volatile fatty acids, oxidise amino acids via the urea cycle, hydrogen metabolism, 
carbon fixation, dissimilatory sulphate reduction and sulphide oxidation. Genes 
investigated within each pathway are described in detail in Appendix A.5.1. The total 
number of recovered genomes classified to each phylum are shown in parentheses. The 
total number of genomes ascribed with a metabolic feature is displayed in the bottom 
row.  
 
 
8.5.3 Alternate organic carbon sources  
Citrate 
Citrate was included in the reactor medium at 1.16 mM to prevent precipitation of media 
components during autoclaving. Citrate oxidation was observed in each reactor (Section 4.2.1, 
Section 4.4.1, Section 5.2.1, Section 5.4.1, Section 6.2.1 Section 6.4.1) and therefore the presence 
of genes required for citrate oxidation was investigated. The genes encoding citrate lyase 
(EC: 2.3.3.8), responsible for the conversion of citrate to oxaloacetate, and a citrate transporter 
were found in 42 genomes (Table 8-3). These were commonly found in a number of phyla including 
Synergistetes, Spirochaetes, Proteobacteria and Firmicute genomes,  and were observed in only 
two low-abundance Bacteroide and five Spirochaete genomes (Table 8-3).  
The abundance of the microorganisms with genes for citrate oxidation was commonly lowest in 
the attached microbial communities (Figure 8-7), appearing in an average of 14% of the 
microorganisms within these communities – omitting the lactate UAPBR inlet attached community 
where these genes were found in 47% of the community. Inversely, the average proportion of the 
planktonic microbial communities which contain citrate oxidation genes was 32%. This suggests 
that the microorganisms responsible for citrate oxidation are commonly enriched in the planktonic 
phases. The representation of these genes decreases across the length of both acetate and lactate 
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UAPBRs’ planktonic communities – as they are observed to be highest in the inlet-zone decreasing 
in subsequent reactor zones. This corresponds with observed citrate oxidation observed in these 
reactors which occurred exclusively in the inlet zones.  
Amino acid oxidation 
Yeast extract included in the reactor medium is a complex source of many micro and macro 
nutriets and is largely constituted of amino acids and small peptides (Izzo and Ho, 1991). 
Fermentative bacterial growth has been studied using yeast extract and has been found to be 
supported through amino acid utilisation (Benthin and Villadsen, 1996). The incomplete oxidation 
of yeast extract to acetate was demonstrated in each of the reactors and is discussed in Section 
4.4.2, of Chapter 4. The ability to utilise amino acids as a carbon source was inferred from the 
presence of genes for the urea cycle (reference pathway ko00220). These genes encode 
argininosuccinate lyase (EC: 4.3.2.1), argininosuccinate synthase (EC: 6.3.4.5), carbamoyl-
phosphate synthase (EC: 6.3.5.5), ornithine carbamoyltransferase (EC: 2.1.3.3) and ureohydrolase 
arginase (EC: 3.5.3.1). These genes were found in 108 genomes, which included 55 of the 56 
recovered Proteobacteria genomes and high proportions of Synergistetes and Spirochaetes 
genomes. The representation of these genes in the reactor and inoculum microbial communities 
was, in most samples, the second most prevalent form of organic carbon metabolism following 
acetate oxidation – present in, on average, 65% of each microbial community (Figure 8-7).  
 
Figure 8-7 The cumulative proportions of the BSR reactor and inoculum microbial communities with 
the genetic capacity to use citrate and amino acids as a carbon source and electron donor. 
The ability of a microorganism to utilise citrate was inferred by the presence of genes 
encoding a citrate transporter and citrate lyase. The ability to utilise amino acids was 
inferred from the presence of genes for enzymes involved in the urea cycle (Appendix 
A.5.1). The proportion of each microorganism within a microbial community, capable of 
performing citrate or amino acid oxidation, were summed and displayed as a spider plot. 
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Reactor samples are described by the reactor’s supplemented electron donor [acetate 
(Ace) or lactate (Lac)], the reactor configuration and reactor zone, and the microbial 
phase [planktonic or biofilm (attached) community]. 
 
8.5.4 Autotrophy 
It was evident that bicarbonate concentrations in the acetate-supplemented reactors were far 
lower than predicted (Section 4.5.4, Section 5.5.1 and Section 6.5.3). The potential for bicarbonate 
to be fixed into biomass through carbon fixation pathways was investigated. The pH of the 
reactors, lying largely between 7.0 and 8.0, would result in 82-97% of the produced bicarbonate 
remaining as bicarbonate. The remaining bicarbonate would be protonated to form carbon dioxide 
and water. Carbon fixation could, therefore, proceed through direct fixation of lower 
concentrations of dissolved carbon dioxide, or through the conversion of bicarbonate to carbon 
dioxide catalysed by carbonic anhydrase within the cell. Genes encoding bicarbonate anhydrases 
were widespread amongst genomes with autotrophic pathways (Figure 8-5). 
Evidence of autotrophic genes was found in 31 genomes, 24 of which also contained the gene for 
carbonic anhydrase. Eleven of the 31 genomes were also capable of dissimilatory sulphate 
reduction. Three carbon fixation pathways were investigated.  Nine genomes contained genes for 
the Wood Ljungdahl pathway (reference pathway ko00720, M00377) of which seven were found 
in Proteobacteria genomes (Figure 8-5). No genomes contained a complete CBB pathway 
(reference pathway ko0070, M00165). Carbon fixation via reverse TCA cycle (reference pathway 
ko00720, M00173) was found in 25 genomes, most of which were Bacteroidetes or 
Proteobacteria.  
No genome containing the genes for autotrophy did not also contain genes for either acetate or 
lactate oxidation (Figure 8-5). Therefore, these organisms are likely facultative autotrophs. The 
presence of these autotrophic gene pathways in a sample, therefore, does not implicitly indicate 
autotrophy is occurring. Autotrophic genes were represented in each BSR reactor community, 
commonly co-occurring with NiFe group 1 and/or group 3 hydrogenases (see below; Figure 8-10). 
8.5.5 Hydrogen metabolism 
Hydrogenase genes were ubiquitous throughout the genomes from the BSR reactor systems, 
represented in 156 of the 163 recovered genomes. Particularly remarkable is the pervasiveness of 
these genes amongst phyla not ubiquitously implicated in hydrogen metabolism. Genes for FeFe 
hydrogenases were found in 93% of Firmicute, 89% of Bacteroidetes and all Spirochete genomes 
recovered from the BSR reactor systems (Table 8-4). Peters et al. (2015) surveyed nearly 3000 
published bacterial and archaeal genomes for hydrogenase genes and found FeFe hydrogenase 
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genes in 9 of 94 surveyed Bacteroidetes genomes, 160 of 622 Firmicutes and 20 of 65 Spirochaete 
genomes. The enrichment of these microorganisms in the BSR reactor systems from phyla not 
ubiquitously implicated in hydrogen metabolism, as well as the presence of multiple forms of 
hydrogenase genes throughout the entire microbial community, is indicative of hydrogen evolution 
and consumption being an important form of metabolism in these reactors.  
Similar conclusions were made by Probst et al. (2017) who performed a genome-resolved 
metagenomic analysis of a microbial community within a subsurface aquifer. These authors 
identified a number of mixotrophic bacteria with autotrophic gene pathways as well as several 
hydrogenase genes. It was concluded that these mixotrophic bacteria were likely consuming 
hydrogen generated by fermentative microorganisms and fixing CO2 which was abundant in the 
environment.  
Table 8-4 Distribution of hydrogenase genes among the microbial phyla recovered from the BSR 
reactor microbial communities. The predicted function of these hydrogenases are as 
described in Peters et al. (2015). The number of genomes containing a class of hydrogenase 
gene is shown. The total number of genomes recovered per phylum is shown in 
parentheses. All gene predictions were made using HMMs described by Anantharaman et 
al. (2016). 
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Figure 8-8 The phylogeny of the (A) NiFe and (B) FeFe hydrogenase genes identified from 156 of the 
total 163 genomes recovered from the BSR reactor and inoculum communities. 
Hydrogenase gene sequences identified by HMMs were muscle aligned and neighbour-
joined in this unrooted tree. The branches of the tree are coloured based on the 
classifications of the HMM from which they were identified. 
 
The most common hydrogenase genes identified were NiFe group 4 and FeFe group A 
hydrogenases (Table 8-4, Figure 8-8 and Figure 8-9), commonly predicted to catalyse the evolution 
of hydrogen (Vignais and Colbeau, 2004; Greening et al., 2016). The proportion of these two 
hydrogenases represented in a microbial community were often anticorrelated (Figure 8-9) and 
largely reflects the competition of Proteobacteria and Synergistetes (NiFe hydrogenases) with 
Bacteroidetes, Firmicutes and Spirochaetes (FeFe hydrogenases; Table 8-4). The prevalence of 
group 4 NiFe and FeFe hydrogenases were typically higher in the three lactate systems, reflecting 
the additional degree of fermentation taking place in these reactors.  
The presence of the hydrogen evolving hydrogenases is believed to have been selected for by the 
absence of alternate electron acceptors for anaerobic growth in these reactors. No nitrate was 
included in the reactor medium, although sulphate reduction was highly prevalent little to no 
elemental sulphur was generated, and the original inoculum was incubated with the methanogenic 
inhibitor BESA preventing oxidised carbon being used as an electron acceptor. This leaves few 
alternatives for anaerobic microorganisms other than to remove electrons from the cells in the 
form of organic carbon or hydrogen. The generation of this energy-rich molecule would, in turn, 
lead to the selection of microorganisms which can oxidise this hydrogen using alternative forms 
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of hydrogenase genes. The electrons extracted from hydrogen could then be captured as sulphide 
when using sulphate as the terminal electron acceptor, and/or be incorporated into microbial 
biomass in combination with autotrophy. 
 
Figure 8-9 The cumulative proportions of the BSR reactor and inoculum microbial communities 
containing genes for group 4 NiFe hydrogenases, group A FeFe hydrogenases and group 
B FeFe hydrogenases. The proportion of each microorganism within a microbial 
community containing these genes were summed and displayed as a spider plot. Reactor 
samples are described by the reactor’s supplemented electron donor [acetate (Ace) or 
lactate (Lac)], the reactor configuration and reactor zone, and the microbial phase 
[planktonic or biofilm (attached) community]. 
 
 
It is therefore unsurprising that several group 1 and 3 NiFe hydrogenases genes were also detected 
across multiple phyla in the BSR reactor systems, most frequently in Proteobacteria as well as 
some Firmicutes and Synergistetes. NiFe group 1 hydrogenases are commonly membrane-bound 
and function by oxidising hydrogen and transferring the acquired electron to the quinone pool via 
a cytochrome (Peters et al., 2015). The presence of a group 1 hydrogenase is a strong indicator 
of the ability to consume hydrogen. This hydrogenase is commonly found in Desulfovibrio species 
(Fauque et al., 1988) and has been shown to be essential for the activity of Desulfovibrio gigas grown 
on sulphate and hydrogen (Morais-Silva et al., 2013). All identified SRB contained gene(s) for group 
1 hydrogenase and, therefore, the abundance of these genes co-occurred with dissimilatory 
sulphate reduction genes across most samples (Figure 8-5, Figure 8-10).  
NiFe group 3 hydrogenase genes were found to be abundant in almost all attached microbial 
communities, with little representation in any of the planktonic communities (Figure 8-10). These 
hydrogenases are bidirectional and are able to catalyse both H2 consumption or generation 
(Houchins, 1981; Ma et al., 1993; Berney et al., 2014). 
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Figure 8-10 The cumulative proportions of the BSR reactor and inoculum microbial communities 
containing genes for group 1 NiFe hydrogenases, group 3 NiFe hydrogenases and either 
the reverse TCA or Wood Ljungdahl pathway for autotrophic growth. The proportion of 
each microorganism within a microbial community containing these genes were summed 
and displayed as a spider plot. Reactor samples are described by the reactor’s 
supplemented electron donor [acetate (Ace) or lactate (Lac)], the reactor configuration 
and reactor zone, and the microbial phase [planktonic or biofilm (attached) community]. 
The proportion of the communities containing group 2 NiFe hydrogenases are not 
displayed as these genes were not present at greater than 5% in any microbial community. 
 
8.6 Co-occurrence of metabolic features across reactor samples 
The BSR reactor microbial samples were compared based on the abundance of metabolic features 
discussed in Section 8.5 using hierarchical clustering (Figure 8-11). This revealed that biofilm 
communities in zones exposed to acetate in the absence of lactate (“acetate attached”, includes 
the lactate UAPBR effluent attached community) had a similar distribution in observed metabolic 
features. This was similarly true of all acetate planktonic samples, while both lactate planktonic 
and lactate attached samples clustered together. Although there are large variations in the 
individual microorganisms which dominate each of the sixteen reactor communities, it is apparent 
that the metabolic potential which results is deterministically driven. 
The acetate planktonic communities showed some of the highest prevalence of citrate oxidation 
genes (Figure 8-7). Unlike within the lactate supplemented systems, citrate would be the most 
reduced carbon species in the acetate supplemented systems. The prevalence of these genes in 
the acetate systems is, therefore, to be expected. It is interesting to note that the prevalence of 
these genes was greatly reduced in the acetate attached samples. Citrate oxidation genes co-
occurred with FeFe group A and B hydrogenase genes, suggesting fermentative citrate oxidation, 
leading to the evolution of hydrogen. This provides some evidence against dissimilatory sulphate 
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reduction linked to citrate oxidation by Desulfovibrio_desulfuricans_58_43, due to the higher than 
average competition for this substrate. The acetate planktonic communities also showed the 
lowest proportion of dissimilatory sulphate reduction compared to all other samples. 
The acetate attached communities showed the inverse prevalence of tested metabolic features 
(Figure 8-11). These communities showed some of the lowest proportions of citrate oxidation 
and FeFe hydrogenase genes but showed a far higher prevalence of NiFe group 3 hydrogenases, 
dissimilatory sulphate reduction, formate metabolism and genes for the urea cycle. The lactate 
samples showed similar degrees of dissimilatory sulphate reduction, formate oxidation and genes 
for the urea cycle to that of the acetate attached community. However, the lactate communities 
showed a higher prevalence of NiFe group 4 hydrogenases, lactate oxidation, citrate oxidation and 
FeFe hydrogenases compared to the acetate attached communities (Figure 8-11).  
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Figure 8-11 The distribution of various metabolic features among the BSR reactor microbial 
communities. The proportion of a microbial community possessing a various metabolic 
feature was used to perform hierarchical clustering (using correlation), on the reactor 
communities and each metabolic feature. Unit variance centering was performed on each 
row of the heatmap. The degree of variance from the mean of each row is shown in the 
legend.  The reactor community samples are categorised into sample type as (■) acetate 
attached, (■) acetate planktonic, (■) lactate attached and (■) lactate planktonic. The lactate 
UAPBR effluent attached was classified as “acetate attached” as this community was never 
exposed to lactate due to all lactate being consumed in the inlet zone of this reactor. 
Planktonic communities in this zone remain classified as “lactate planktonic” as this 
community originates from the inlet zone and is transported to the effluent zone by plug 
flow. The metabolic features “Acetate oxidation” and the “urea cycle” were omitted as 
the proportions of these genes were largely uniform throughout all reactor communities. 
Group 1 hydrogenases were omitted as these genes almost perfectly co-occurred with 
dissimilatory sulphate reduction. 
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8.7 CSTR metagenomes 
The acetate CSTR was dominated by a number of high abundance Synergistales and Sphaerochaete 
genomes which possessed genes for the urea cycle and citrate uptake and oxidation (Figure 8-12). 
These genomes also contained FeFe hydrogenases and some NiFe group 4 hydrogenases 
(hydrogen evolving; Vignais and Colbeau, 2004). The (i) minimal acetate oxidation, the (ii) complete 
oxidation of citrate and the (iii) degree of acetate generation from yeast extract oxidation 
observed in the acetate CSTR (Chapter 5) allows a substantial degree of amino acid and citrate 
fermentation to be attributed to these Synergistales and Sphaerochaete microorganisms. This 
fermentation together with the presence of group 4 hydrogenases indicates the generation of 
hydrogen. This Synergistales_64_17 was also the most abundant microorganism in the lactate 
CSTR and may, therefore, play the same role in this reactor. 
Several lower abundance microorganisms, including a Desulfovibrio and a Desulfomicrobium genome, 
possessed genes for carbon fixation. These genomes also contained genes for NiFe group 1 
hydrogenases which have been characterised to oxidise hydrogen and are therefore capable of 
providing an electron donor for the proposed autotrophy. 
Alternatively, all SRB genomes in acetate CSTR contained genes for acetate oxidation and may 
well be using acetate as their electron donor, which was presumed in Chapter 5 and is supported 
by solution chemistry data at multiple HRT (Section 4.4.1). Desulfovibrio_desulfuricans_58_43 
was the only genome containing both genes for dissimilatory sulphate reduction and citrate 
oxidation. The possibility that this organism was able to couple sulphate reduction and citrate 
oxidation cannot be excluded. However, this microorganism was shown to experience a nearly 
100-fold reduction in relative abundance at a three-day HRT (0.014 h-1) and does not subsequently 
recover (Section 4.4.3). This indicates that citrate oxidation was not linked to sulphate reduction 
at HRT shorter than four-days. The attributing of particular electron donors to sulphate reduction 
is expanded in Section 8.11 (BSR mixotrophic metabolic model). 
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Figure 8-12  Rank abundance and metabolic potential of the most dominant genomes in the (A) acetate 
and (B) lactate supplemented CSTRs at a four-day HRT (0.01 h-1). The genes and gene 
pathways used to infer metabolic potential are shown in Appendix A.5.1. Community 
stability (C) is represented as iRep values of all recovered genomes within the acetate 
(n=34) and lactate (n=30) CSTRs. iRep values are displayed as box and whisker plots – the 
box represents the interquartile range (IQR; from the 25th percentile, to the median and 
to the 75th percentile). The maximum and minimum of each plot were calculated as the 
75th percentile plus 1.5 multiplied by the IQR and 25th percentile minus 1.5 multiplied by 
the IQR, respectively. 
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Six dominant SRB were found within the lactate CSTR, the same Desulfovibrio and Desulfomicrobium 
that were seen in the acetate CSTR as well as two other Desulfovibrio and a Desulfarculus genome. 
The second-most predominant non-SRB with the ability to oxidise lactate was a Klebsiella oytoca. 
Although presumed to be one of the SRB’s major competitor for lactate, this microorganism also 
contained the genes necessary for acetate, citrate and amino acid oxidation. This genome was 
tentatively matched to an Enterobacter OTU (OTU 16) from the 16S rRNA gene amplicon 
sequencing, however, this could not be confirmed as no 16S rRNA gene was binned with the 
genome. OTU 16 showed similar abundance patterns across the 17 samples and is the only OTU 
classified to the shared family of Enterobacteriaceae. This OTU becomes one of the most 
dominant OTUs in both the lactate CSTR and LFCR at HRT from a two-day HRT. 
 
8.8 UAPBR metagenomes 
8.8.1 Acetate UAPBR 
The observed relative abundance of the genomes of the acetate UAPBRs were clustered based on 
their differential relative abundance across the three planktonic microbial communities and the 
inlet and effluent attached communities (Figure 8-13). Hierarchical clustering revealed a differential 
dominance of most microorganisms for one or multiple of these communities, with a striking 
separation of many SRB genomes on this basis.  
Five of these clusters have been annotated in Figure 8-13. SRB were present in each of these, 
except the cluster I that formed from microorganisms which increased in abundance from the 
inlet to the effluent planktonic community. Many of these organisms, the most abundant of which 
was Paracoccus_69_26, were found to be capable of sulphide oxidation via the sox gene pathway 
(Figure 8-5). It is possible that small quantities of oxygen may have entered the headspace above 
the effluent port and mediated minor quantities of sulphide oxidation.  
Cluster II in Figure 8-13 grouped microorganisms which were prevalent in the three planktonic 
microbial communities and included some organisms which also prevalent in an attached 
community. These included the dominant SRB Desulfovibrio_desulfuricans_58_43, and 
Desulfomicrobium_baculatum_60_28. In addition, Bacteroidetes_41_9_47_32 was also observed 
in these communities in high abundance. This genome was also detected in the middle-planktonic 
and effluent planktonic and attached community of the lactate UAPBR. This genome contained 
genes for acetate oxidation and the rTCA but did not contain genes for citrate oxidation, nor the 
urea cycle, indicating that this microorganism was a direct competitor with SRB for acetate and/or 
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bicarbonate and hydrogen. Paracoccus_versutus_68_139 was found in the planktonic communities 
of the inlet and middle zones before showing a pronounced reduction in abundance in the effluent 
planktonic community. This microorganism contained genes for citrate oxidation, the urea cycle 
and hydrogen evolving group NiFe hydrogenases. It is thought that this microorganism may have 
been the dominant fermenter within this system and likely the greatest contributor towards the 
hydrogen that was potentially produced in this reactor. 
 
Figure 8-13 The distribution of recovered genomes throughout the microbial communities of the 
acetate supplemented up-flow anaerobic packed bed reactor (UAPBR) shown as ln(x +1) 
transformed relative abundances. Hierarchical clustering was performed using correlation 
distance and average linkage. The presence (■) and absence (■) of metabolic features 
within each genome are shown. 
 
Four SRB,  namely  Desulfobacterales_57_55,   Deltaproteobacteria_63_50,  Desulfobacca_acet
oxidans_53_18 and Desulfovibrio_66_33 were found nearly exclusively in the attached 
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community of the effluent zone (cluster IV). It can, therefore, be concluded that these SRB are 
sulphate scavengers.  The two lower-abundance SRBs, namely Desulfobacca_acetoxidans_53_18 
and  Desulfovibrio_66_33, contained genes for acetate oxidation but not for carbon fixation. 
Whereas the higher abundant SRBs contained genes for both acetate oxidation and carbon fixation 
and it is, therefore, likely that these microorganisms employ mixotrophic metabolism of both 
acetate oxidation and carbon fixation. Further evidence to describe this form of metabolism is 
described in Section 8.11. All of these SRB contain genes for NiFe group 1 hydrogenases and are 
thus able to consume hydrogen produced within this reactor. 
Twelve genomes, three of which were SRB, were found to be similar in abundance in both the 
inlet and effluent attached communities (Figure 8-13). The localisation of these SRB, in particular, 
is an interesting occurrence as these microorganisms appear to be adept at rapid sulphate 
reduction within the inlet zone as well as sulphate scavenging in the effluent region of the reactor.  
Another cluster (cluster III) was constituted by microorganisms which showed the highest 
abundance in the inlet attached community, the most prevalent of which was the SRB 
Desulfarculus_baarsii_66_20. Coincidentally, this SRB was also found to be present in only the 
inlet attached community of the lactate UAPBR. Of the seven most abundant SRB identified in this 
reactor, this was the only SRB to not contain a pathway for carbon fixation. Genes linked to 
acetate oxidation, and four of five the genes encoding the enzymes of the urea cycle were identified 
within this genome, indicating its likely carbon sources.  
8.8.2 Lactate UAPBR 
Hierarchical clustering of the relative abundances of all of the genomes recovered from the five 
communities of the lactate UAPBR (Figure 8-14) resolved into three clusters, namely genomes 
which appear primarily in the planktonic communities (II), those which occur in the effluent 
attached communities (I) and those which occur predominantly in the inlet attached community 
(III). 
A small number of microorganisms, the majority of which were SRB, dominated each of these five 
communities. As seen in the acetate UAPBR, Desulfovibrio_desulfuricans_58_43 and 
Desulfomicrobium_baculatum_60_28 dominated the inlet, middle and effluent planktonic 
communities as well as the inlet attached community of this reactor system. 
Deltaproteobacteria_63_50 was found above 50% relative abundance in the effluent attached 
community of this reactor. Based on the localisation of this SRB to the effluent zone, as well as its 
metabolic potential, this SRB is potentially aligned implicated attributed with acetate oxidation and 
potentially carbon fixation.  
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Figure 8-14 The distribution of recovered genomes throughout the microbial communities of the 
lactate supplemented up-flow anaerobic packed bed reactor (UAPBR) shown as ln(x +1) 
transformed relative abundances. Hierarchical clustering was performed using correlation 
distance and average linkage. The presence (■) and absence (■) of metabolic features 
within each genome are shown. 
 
Bacteroidia_47_18 found in the effluent attached community had the genetic potential to oxidise 
acetate. As concluded for the Bacteroidetes genome identified in the lactate UAPBR effluent, it is 
believed that Bacteroidia_47_18 too was competing with SRB for acetate. Although, within the 
context of reactor performance, the activity of this microorganism would lead to further removal 
of COD from the effluent stream. Four dominant organisms were seen in the inlet zone, attached 
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and the three planktonic communities: Paracoccus_versutus_68_139, 
Alphaproteobacteria_54_165, Bacteroidia_44_21 and Synergistales_64_17, each of which 
contained genes for group 4 NiFe hydrogenases. Paracoccus versutus, thought to be the main 
competitor with planktonic SRB for lactate in this reactor, decreases in abundance between the 
inlet planktonic community and middle and effluent planktonic communities, which is consistent 
with the consumption of lactate exclusively in the inlet zone. 
8.9 LFCRs 
Genome-resolved metagenomics revealed that the LFCRs were less dominated by SRB in 
comparison to the UAPBRs’ microbial communities (Figure 8-15). The biofilm communities of the 
acetate and lactate LFCRs held considerably more SRB diversity than was seen in the 
corresponding planktonic communities. Only two predominant SRB were observed within the 
acetate LFCR planktonic community at a four-day HRT. These were the frequently occurring 
Desulfovibrio_desulfuricans_58_43, which was linked to the Desulfovibrio OTU (6) which washed out 
of the CSTR and LFCR planktonic communities at reduced HRT, and the Clostridia 
Desulfotomaculum gibsoniae which was also present in the corresponding biofilm community. Both 
of these genomes contained genes for sulphate reduction, acetate oxidation, autotrophy and 
hydrogen consumption. The biofilm community within this reactor was dominated by a 
Desulfobacterales which was present above 25% relative abundance. This genome, as was seen in 
five of the seven predominant SRB in this community, contained genes for autotrophy and 
hydrogen consumption. The representation of autotrophic genes in this community was one of 
the highest observed from the sixteen bioreactor samples, occurring in 45% of the microorganisms 
within this sample. This compared to the lactate biofilm community were autotrophic gene 
pathways were represented in just 19% of the bacterial community. 
The lactate LFCR planktonic community was dominated by the two frequently occurring 
Desulfovibrio_desulfuricans_58_43 and Desulfomicrobium_baculatum_60_28, as seen in the 
lactate CSTR. Two further Desulfovibrio genome bins were identified in this sample, both containing 
lactate dehydrogenase genes. The major competitor of the SRB, for lactate, is likely a Klebsiella 
oxytoca. This is the same Klebsiella identified in the planktonic community of the lactate CSTR at a 
four-day HRT. The Synergistales_64_17 present in this planktonic community is also likely to 
compete with SRB for available lactate. However, as previously stated, its abundance and frequency 
in both acetate and lactate systems, together with its genomic potential for citrate oxidation and 
the urea cycle, suggest this microorganism is more likely involved in the fermentation of citrate 
and/or amino acids. 
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Figure 8-15 Rank abundance and metabolic potential of the most dominant genomes in the (A) acetate 
planktonic, (B) acetate attached, (C) lactate planktonic and (D) lactate attached LFCR 
microbial communities at a four-day HRT (0.01 h-1). The genes and gene pathways used 
to infer metabolic potential are described in Appendix A.5.1. Community stability (E) is 
represented as iRep values of all recovered genomes within the acetate planktonic (n=20), 
acetate attached (n=9), lactate planktonic (19) and lactate attached (n=13) LFCRs. iRep 
values are displayed as box and whisker plots – the box represents the interquartile range 
(IQR; from the 25th percentile, to the median and to the 75th percentile). The maximum 
and minimum of each plot were calculated as the 75th percentile plus 1.5*IQR and 25th 
percentile minus 1.5*IQR, respectively. 
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Within the biofilm community of the lactate LFCR, six Desulfovibrio, the Desulfomicrobium and a 
Desulfarculus genome were recovered. These SRB are able to metabolise lactate and most were 
also able to metabolise acetate. However, very few microorganisms (12%) in this biofilm 
community possessed the genes required for propionate oxidation. The proportion of the lactate 
planktonic community able to metabolise propionate was nearly three-fold greater than in this 
corresponding biofilm community. No SRB present in the lactate-supplemented LFCR was able to 
metabolise propionate – representing a valuable substrate that was not linked to sulphate 
reduction.  
8.10 Versatility of recovered SRB 
The SRB genomes recovered from the BSR reactor communities were found to be metabolically 
versatile. Aside from the already mentioned VFA and hydrogen metabolisms and autotrophic 
pathways, all of the recovered SRB contained genes for gluconeogenesis, glycolysis and several 
glycosyl transferases indicating the capacity of these microorganisms to metabolise sugars (Table 
8-5). A select few of these SRB also contained genes for the beta-oxidation of long-chain fatty 
acids. These genes co-occurred with genes encoding Quinone reductase complexes involved in 
the re-oxidation of NADH. The link between Quinone reductase complex and beta-oxidation of 
fatty acids was made by Spero et al. (2015), but these authors, after surveying over 900 bacteria 
genomes, were unable identify SRB containing these complexes.  
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Table 8-5  Genome summary of the SRB genomes identified in this study. Genes were predicted 
using prodigal and compared to KEGG, Uniref100 and Uniprot gene databases. The 
number of identified genes relating to each genome feature is shown. 
 
The versatility of SRB has been long recognised and is evident in the already published genome 
sequences of a number of SRB (Copeland et al., 2009; Göker et al., 2011; Pagani et al., 2011; Wirth 
et al., 2011). This SRB versatility is illustrated in Figure 8-16, describing the genomes features of 
Desulfobulbus_propionicus_57_36. This SRB contained genes for cytochrome bd oxidase, a 
cytochrome involved in reducing oxidative stress. This gene and others involved with dealing with 
oxidative stress were found in every SRB genome suggesting these microorganisms may be more 
oxygen tolerant than previously thought. Four Desulfovibrio genomes and a genome classified only 
to Deltaproteobacteria also contained genes for arsenate reductase, involved in arsenate 
detoxification. 
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Figure 8-16 Schematic genome summary of the dissimilatory sulphate reducing bacterium 
BSR_Ace_UAPBR_inlet_at_2_Desulfobulbus_propionicus_52_45. The group to which 
the NiFe hydrogenase belong are shown in the schematic (blue). Pathways and reactions 
relating to nitrogen metabolism are shown in green, sulphur metabolism in yellow and 
oxygen metabolism in red. 
 
8.11 BSR mixotrophic metabolic model 
The incorporation of citrate and yeast extract in the reactor medium is thought to have led to the 
selection of fermentative microorganisms in both the acetate and lactate supplemented reactor 
systems. This is based on the wide distribution of hydrogen-evolving hydrogenase genes found in 
genomes also containing genes for citrate uptake and oxidation as well as genes associated with 
the urea cycle. BSR_Ace_UAPBR_inlet_at_2_Synergistales_64_17 was the most common of 
these fermentative microorganisms, appearing in above 1% relative abundance in 11 of the 17 
sequenced samples. The hydrogen produced during this fermentation would offer a valuable 
source of reducing power for microorganisms with viable electron acceptors. The uptake of this 
hydrogen by SRB also containing autotrophic genes pathways may also explain the considerable 
deficit of bicarbonate in the acetate-supplemented systems described in Chapters 4-6. However, 
in these chapters, it was shown that acetate oxidation had also occurred. This led to the proposed 
metabolic model (Figure 8-17) whereby mixotrophic sulphate reduction occurs through the 
oxidation of acetate and hydrogen together and potentially with the fixation of CO2/HCO3- into 
biomass. This model suggests that reactions governed by Equations 8-1, 2-5 and 2-6, summarised 
below, are catalysed collectively by the SRB community within these systems. It is unclear whether 
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individual SRB are performing all three reactions simultaneously or if the SRB’s carbon and energy 
requirements are met using only one or two of these reactions. 
4 H2 + 2 HCO3- + H+  → Acetate- + 4 H20  ∆G°’ -104.4 (kJ/reaction)  Equation 8-1 
4 H2 + SO42- + H+  → 4 H20 +HS-   ∆G°’ -152.0 (kJ/reaction)  Equation 2-6  
Acetate + SO42  → 2 HCO3- + HS- ∆G°’ -47.6 (kJ/reaction)  Equation 2-7 
SRB benefiting from interspecies hydrogen transfer have been reported (Cord-Ruwisch et al., 
1988; Ozuolmez et al., 2015) and coupled carbon fixation has been demonstrated in members of 
the genus Desulfovibrio (Sorokin, 1966; Badziong et al., 1979). Further evidence to substantiate this 
proposed metabolic model is outlined below. Evidence of autotrophy in a largely heterotrophic 
microbial community was described by Handley et al. (2013). These authors amended an aquifer 
with acetate and performed a genome-resolved metagenomic analysis of the resulting microbial 
community. They concluded that acetate was oxidised, linked to either sulphate or nitrate 
reduction. Evidence for acetate oxidation was found in the presence of genes for the TCA and 
modified TCA cycle. It was concluded that the produced carbon dioxide was in turn fixed by an 
Epsilonbacteria containing genes for the rTCA cycle. The electron donor and acceptor for this 
microorganism were proposed as sulphide and nitrate respectively.  
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Figure 8-17 The proposed (A) metabolic model of the microbial communities found in the acetate 
supplemented BSR reactors systems of this study and that of Moosa et al. (2002). Acetate 
was provided as the sole source of reduced carbon in the study conducted by Moosa et 
al (2002). However, in this study, fermentative microorganisms (blue) consume citrate and 
amino acids in the reactor medium, generating acetate, bicarbonate and H2. A portion of 
acetate is consumed heterotrophically (solid-red) to bicarbonate while several other 
microorganisms (lined) possibly function autotrophically and mixotrophically – fixing the 
generated bicarbonate and consuming H2 as the electron donor. Genes for the reverse 
TCA and the Wood Ljungdahl pathway were present in several sulphate-reducing 
microorganisms. It is proposed that the SRB community function mixotrophically, 
oxidising acetate and consuming the hydrogen and bicarbonate produced from 
fermentation. The availability of H2 in the BSR reactors of this study is thought to explain 
(B) the sustained volumetric sulphate reduction rates (VSRR) achieved at higher dilution 
rates, compared to that of Moosa et al. (2002). 
 
The low bicarbonate concentrations observed in the acetate-supplemented BSR reactors is a 
possible indication of autotrophic growth. This was substantiated by the presence of carbon 
fixation pathways in a number of genomes, many of which were SRB. For autotrophy to have taken 
place on the scale observed, from the deficit of bicarbonate in these reactor systems, a substantial 
source of reducing power would be required. These autotrophic pathways co-occurred in these 
genomes with hydrogenase genes implicated in hydrogen consumption. It was concluded that a 
number of other dominant microorganisms were producing hydrogen based on the presence of 
NiFe group 4 and FeFe hydrogenase genes, together with genes for the urea cycle and citrate 
uptake and oxidation. This is corroborated by the lack of viable electron acceptors provided in 
the reactor medium. This lack of alternative electron acceptors, such as nitrate, sulphur and 
metals, is thought to have selected for fermentative microorganisms capable of removing electrons 
in the form of organic carbon and hydrogen. 
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Genome resolved metagenomics revealed that many of the identified SRB would be capable of the 
proposed form of mixotrophic sulphate reduction. Many SRB contained genes required for acetate 
oxidation together with NiFe group 1 hydrogenases, and autotrophic pathways. However, the SRB 
within the BSR reactors were also capable of catalysing amino acid and citrate oxidation. The 
possibility that sulphate reduction may have been linked to citrate or amino acid oxidation must 
first be discussed (below) and substantiated using reactor performance data.  
Genes for citrate uptake and oxidation were found in one SRB genome, 
Desulfovibrio_desulfuricans_58_43, which was dominant in a number of planktonic reactor 
samples at a four-day HRT. This SRB was matched to the OTU Desulfovibrio (6) on the basis of 
taxonomic classification and abundance patterns across 16 reactor samples, although no 16S rRNA 
gene was binned with this genome. This OTU was shown to experience a substantial reduction in 
abundance at subsequently shortened HRT (Chapters 4 and 5). This SRB may have been 
performing citrate oxidation linked sulphate reduction but this would only be possible at a four-
day HRT and cannot be linked to the performance of the reactors at shorter HRT. Many SRB 
contained genes for the urea cycle, indicating that these microorganisms may have been consuming 
amino acids as a source of carbon. However, solution chemistry data collected before and after 
an abrupt modification to the media composition, prior to the start of the residence time study, 
suggests little direct dependence of SRB on yeast extract. The yeast extract concentration in the 
reactor medium was reduced in the six reactors from 1.0 to 0.4 g/L (Section 4.4.2). The sulphate 
conversion did not experience a significant perturbation immediately after this point but decreased 
gradually from 55 to 45% sulphate conversion over the following100 days (Section 4.4.2). Should 
amino acids have been the primary source of carbon for SRB in these systems the reactors would 
likely have shown a considerable reduction in sulphate reducing performance after reducing this 
substrate by 60%.  This suggests that SRB benefitted from the higher yeast extract concentration 
but were not entirely dependent.  
The inclusion of yeast extract and citrate in the reactor medium, even if not used directly by SRB, 
has strong implications for sulphate reducing performance. Moosa et al. (2002) operated an 
identical CSTR with a similar SRB inoculum. In the study performed by Moosa et al. (2002), acetate 
was provided as the sole source of organic carbon. No citrate nor yeast extract was included in 
the medium and was instead supplemented with a trace metal solution. In that instance, the 
generation of hydrogen was likely to be minimal due to the absence of readily fermentable 
substrates. During the study  performed by Moosa et al. (2002), the residual acetate concentration 
increased steadily as sulphate conversion decreased with the reduction of the operated HRT. 
Sulphate reduction linked to acetate oxidation was confirmed in the study conducted by Moosa 
et al. (2002) and without hydrogen as an electron donor, autotrophy would not have been possible 
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in this system. The maximum VSRR achieved by the reactor system was below 7.3 mg/L.h at a 3.8-
day HRT. At shorter HRT, the VSRR decreased abruptly leading to total system failure at a two-
day HRT. In contrast, the acetate-supplemented CSTR described in this thesis achieved a 
maximum VSRR of 10.9 mg/L.h at a 1.5-day HRT and did not experience system failure – 
demonstrating a 23% sulphate conversion at a one-day HRT. It is expected that the mixotrophic 
sulphate reduction is the reason for the differing performance between this study and that of 
Moosa et al. (2002). 
 
8.12 Conclusion 
Genome-resolved metagenomics was successfully employed to characterise the microbial 
communities of the six BSR reactors operated in this study. A total of 163 genome bins were 
recovered and, owing to the low complexity of individual samples, these bins showed little 
contamination and a high degree of completeness. The majority of the recovered genomes were 
classified as Proteobacteria (59), Firmicutes (29) or Bacteroidetes (28). Of the SRB recovered, 
one was classified as a Clostridia and the remaining as Deltaproteobacteria.  
Relatively few of the 163 recovered genomes were found across more than a handful of bioreactor 
samples. Similarities between bioreactor communities became more evident when comparing 
these communities based on the proportion of metabolic potential represented within each 
community. Hierarchical clustering of the proportions of various metabolic features across 
samples yielded three clear clusters which comprised all acetate-attached, acetate-planktonic and 
lactate communities. The separation of these communities indicates that the electron donors and 
biofilm and planktonic environments are the key deterministic factors which shape these microbial 
communities. The reasons for the success of individual genomes over similar genomes is not always 
clear and may be explained by a combination of stochastic and deterministic factors including 
differing growth kinetics between microorganisms participating in similar forms of metabolism. 
The indices of replication, iRep values, determined for each of the microbial community samples 
revealed that all members of the biofilm community (>1% relative abundance) are reproducing at 
a lower, but comparable rate to that of the planktonic communities in the same reactor zone. All 
microorganisms within the biofilms had an iRep value greater than one, indicating no dormant 
organisms were present in the biofilms. This affirms the contribution of the biofilms to sulphate 
reducing performance in BSR reactor systems, even when the operated HRT is long enough for 
planktonic cell concentrations to remain high. The biofilms communities of these systems are, 
therefore, more dynamic than initially thought. This was evident in the changes in the composition 
of these communities between a four- and one-day HRT (Chapters 3 to 5). 
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One of the most striking features of the metagenomes recovered from the BSR reactors was the 
widespread distribution of genes encoding various hydrogenases. It is concluded that fermentative 
microorganisms metabolising lactate, citrate and amino acids use these hydrogenases to remove 
electrons from the cell. The lack of alternate viable electron acceptors present in the reactor 
medium is thought to be the major driver of this phenomenon. The enrichment of hydrogen 
consuming hydrogenases is likely an adaptation of the community to in-turn metabolise the 
produced hydrogen. Each SRB genome recovered was found with multiple forms of hydrogenases, 
all containing the hydrogen consuming NiFe group 1 hydrogenase. Many of these SRB, as well as a 
handful of other Proteobacteria and Bacteroidetes genomes, also contained genes for autotrophy. 
The rTCA was the most common form of autotrophic pathway followed by the Wood-Ljungdahl 
pathway.  
The widespread presence of hydrogen evolving hydrogenase genes in fermentative 
microorganisms, and the presence of hydrogen consuming and autotrophic pathways within SRB 
led to the proposed BSR mixotrophic model. It is proposed that SRB, predominantly within the 
acetate-supplemented systems, consume acetate provided in the reactor medium together with 
hydrogen and bicarbonate produced during fermentation, simultaneously. This form of metabolism 
has been previously described in pure and co-cultures of SRB. However, this mixotrophic SRB 
metabolism has yet to be demonstrated in BSR reactor systems. The comparison of the 
performance of the acetate CSTR of this study and that of Moosa et al. (2002) reveals that this 
mixotrophic acetate oxidation offers an enormous improvement in reactor performance over 
solely acetate oxidation linked sulphate reduction. It is concluded that the inclusion of low 
concentrations of fermentable material, in the absence of viable electron acceptors besides 
sulphate, would enable the generation of hydrogen in semi-passive BSR reactor systems. This 
hydrogen would directly benefit the growth of SRB in these reactors leading to enhanced 
performance and system robustness. 
  
Chapter 9  Conclusions and Recommendations 
This thesis sought to improve the understanding of the microbial communities associated with 
BSR reactor systems. This arose from (i) a lack of robust, implementable, semi-passive BSR systems 
for the sustainable remediation of ARD and (ii) our limited understanding of BSR microbial 
communities’ structure and function and their ultimate impact on reactor performance. 
The reactor configurations and operating conditions, informed by literature, investigated in this 
study were selected to allow successful operation as semi-passive systems whilst generating a 
range of differing physiochemical environments which could be studied in relation to the inhabiting 
microbial ecology. The LFCRs were well-mixed systems fitted with carbon microfibre support 
structures to encourage biofilm formation. The UAPBRs investigated in this study were governed 
by plug flow, leading to the generation of continuum of changing environments as substrates were 
consumed and products generated throughout the reactors. Polyurethane foam was incorporated 
as an inert packing in these plug-flow reactors to stimulate biofilm formation. The third reactor 
configuration, the well-mixed CSTR, supported the growth of primarily suspended biomass with 
no additional biomass retention. This provided a useful system to which the LFCRs and UAPBRs 
could be compared, both in terms of their microbial ecology and system performance. The 
operation of these systems in duplicate and supplemented with acetate and lactate, separately, 
allowed the impacts of electron donor on the performance and ecology of each system to be 
simultaneously assessed. 
The performance and microbial community dynamics of these systems were monitored during an 
extended HRT study. The microbial ecology was assessed using a combination of genome-resolved 
and 16S rRNA gene sequencing. To the best of our knowledge, this is the first-ever use of genome-
resolved metagenomics in the study of BSR reactor systems. The 16S rRNA gene sequencing was 
used to characterise the composition of the microbial communities throughout these reactor 
systems and monitor changes in these communities as the applied HRT was reduced. The 
extensive use of 16S rRNA gene sequencing meant that the ideal growth conditions of both SRB 
and competing, co-existing and syntrophic microorganisms could be determined. Genome-
resolved metagenomics was used in parallel, overcoming a major limitation of 16S rRNA gene 
studies: the lack of functional and metabolic information. Genome-resolved metagenomics allowed 
unprecedented insight into the metabolism and roles these microorganisms played within these 
reactor systems. The major findings arising from these studies are discussed below and are 
summarised in Figure 9-1. 
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9.1 Conclusions 
9.1.1 Effective performance of several semi-passive reactor systems  
The reactor systems presented in this thesis, specifically the acetate-supplemented LFCR and both 
UAPBRs, demonstrated competitive sulphate reducing performance compared to studies 
described in the literature. The success of these reactors is especially significant as these reactors 
contain no moving parts and can, therefore, be implemented as semi-passive systems with low 
energy requirements. 
The lactate-supplemented UAPBR demonstrated the greatest sulphate reducing performance of 
the six bioreactors, exhibiting a sulphate conversion of 96% at a one-day HRT and 1 g SO42-/ ℓ feed 
concentration. This corresponded to a VSRR of 40.1 mg/ℓ.h over the length of the reactor. The 
success of this reactor was largely attributed to the out-competition of fermentative 
microorganisms for lactate by SRB in the inlet zone, and the effective utilisation of acetate and 
propionate by a largely distinct group of SRB in the middle and effluent zones.  
Acetate is an attractive electron donor for BSR because of its low cost and availability but offers 
low associated SRB growth rates. The performance of the acetate-supplemented LFCR and 
UAPBR is therefore promising for the viability of acetate as an electron donor for BSR systems. 
The UAPBR supplemented with acetate demonstrated notable performance, achieving a VSRR of 
23.2 mg/ℓ.h and sulphate conversion of 56%, at a one-day HRT. This reactor operated optimally 
at 2.3-day HRT, achieving a sulphate conversion of close to 80% and a VSRR of 14.2 mg/ℓ.h. The 
acetate-supplemented LFCR, following a period of poor performance was able to achieve a VSRR 
of 17.1 mg/ℓ.h and a sulphate conversion of 41% at a one-day HRT, and was able to achieve a 
sulphate conversion of 58% at a two-day HRT.  
The aspects to which the success of these reactors have been attributed are described throughout 
the sections below.   
9.1.2 Hydrogen metabolism and its implication for reactor performance 
Genome-resolved metagenomics revealed that all SRB within the BSR reactors were capable of 
hydrogen consumption through the use of Group 1 NiFe hydrogenases. This finding was not 
unexpected as the ability of SRB to consume hydrogen has been well documented (Fauque et al., 
1988; Peters et al., 2015; Timmers et al., 2018) However, the presence of hydrogen evolving 
hydrogenases in the majority of microorganisms not capable of dissimilatory sulphate reduction 
was not anticipated. It is concluded that the applied operating conditions selected for 
microorganisms capable of using hydrogenases as a means of removing electrons from the cell due 
to the absence of alternative electron acceptors and inhibition of methanogenic microorganisms 
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during culture establishment. The generation of hydrogen within these systems, by amino acid, 
citrate and lactate fermenting microorganisms, and the subsequent utilisation of this hydrogen by 
SRB is believed to have facilitated the enhanced growth rates of SRB. This was evident in the nearly 
two-fold increase in the doubling time of SRB in the acetate-supplemented CSTR, compared to 
the similarly operated CSTR documented by Moosa et al. (2002). A remarkable aspect of this 
finding is that hydrogen can be generated in a passive system through supplementation with small 
amounts of fermentable material – if influent conditions are favourable and/or controlled to select 
for the growth of particular hydrogen-evolving microorganisms. This phenomenon undoubtedly 
takes place in passive BSR systems supplemented with complex electron donors such as cellulose 
and manure but is seldom appropriately observed or discussed.  
The enhanced growth rate of acetate-oxidising SRB, in the presence of hydrogen, offers a further 
advantage. A major difficulty when using organic electron donors for BSR is preventing the 
discharge of high COD-containing effluents (Widdel, 1988). Several electron donors used for BSR 
are incompletely oxidised resulting in the generation of acetate -the major component of this 
COD. The increased growth rates of acetate-consuming SRB in the presence of hydrogen 
represents a strategy to reduce the acetate concentration in the effluent of BSR reactors. BSR 
reactor systems may benefit through operation at lower electron donor concentrations and 
supplemented with hydrogen, or fermentable material as discussed above. This could be optimised 
to potentially lead to similar reaction rates but leading to reduced acetate concentrations in the 
effluent of these systems.  
9.1.3 Lactate and acetate oxidation are spatially separated 
Lactate was supplied to the bioreactors of this study at 1200 mg/L. The incomplete oxidation of 
this lactate by SRB (Equation 2-10) corresponds with the reduction of 6.8 mM of the 10.2 mM 
sulphate in the medium, assuming no lactate fermentation (Equation 2-12). The successful use of 
this electron donor, therefore, required the initial out-competition of fermentative 
microorganisms by SRB for lactate, and subsequent growth of SRB capable of oxidising the 
produced acetate and propionate arising from lactate oxidation. The oxidation of electron donors 
other than lactate was minimal in the lactate-supplemented CSTR. However, the oxidation of 
acetate and propionate was anticipated in the lactate-supplemented LFCR and was hypothesised 
(Section 2.10.1) to be facilitated through the incorporation of carbon support structures for 
biofilm formation thereby allowing slower-growing acetate-oxidising SRB to avoid washout and 
become dominant in the reactor. This hypothesis was disproven as little acetate nor propionate 
oxidation was observed in this reactor. Acetate and propionate oxidation were observed in the 
lactate-supplemented UAPBR, but the oxidation of these electron donors occurred almost 
exclusively in the middle and effluent zones where no lactate was available. The SRB which were 
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specific to these zones were Desulfatiglans (91), Desulfobulbus (27), Desulfobacca (46) and 
Desulfosarcina (53), none of which were present in the lactate-supplemented LFCR. The poor 
performance of the lactate-supplemented LFCR is partially attributed to the failure to cultivate 
these SRB in this well-mixed system.  
The inability of acetate-oxidising SRB to become dominant in these biofilm communities in the 
presence of lactate is attributed to the remarkably active and competitive environment posed by 
these biofilm communities. This accounts for the inability of the lactate-supplemented LFCR to 
cultivate acetate-oxidising SRB as the reactor presents as a well-mixed system with lactate available 
throughout.  
This work demonstrates that lactate, a relatively expensive electron donor, can be used at far 
lower concentrations than routinely reported in literature. This requires that reactors be 
operated to ensure sulphate reduction coupled to the oxidation of propionate and acetate can 
occur. Based on our observations, we find that this can be stimulated through zoning of BSR 
reactor systems to spatially separate lactate, propionate and acetate oxidation. This also requires 
the formation of biofilms within the reactors, as described below. 
9.1.4 The biofilms of BSR systems are active and dynamic 
The biofilm communities within the BSR systems were highly active and dynamic in response to 
changing physicochemical conditions. Indices of replication calculated for microorganisms within 
BSR reactor communities revealed that the average iRep score of the biofilm communities, at a 
four-day HRT, were marginally lower than the planktonic community within each respective zone. 
This indicates that microorganisms within these biofilms were both metabolically active and 
undergoing active growth. This was substantiated by the considerable changes in the composition 
of the biofilm communities of the acetate-supplemented LFCR between a four- and one-day HRT. 
This explains why slower-growing acetate-oxidising bacteria were unable to become dominant in 
the biofilm communities of the lactate supplemented LFCR - these organisms were likely 
outcompeted for space in the presence of lactate due to greater growth rates associated with 
lactate-oxidising microorganisms in these biofilms. 
9.1.5 Biofilms provide system robustness 
The susceptibility of planktonic SRB to the reduction in the applied HRT and the evidence of the 
microbial activity of biofilms suggests that performance and system robustness could be enhanced 
by further increasing the surface area to volume within BSR reactors, thereby increasing the 
biofilm-SRB biomass in the reactor. This would decrease the reliance on the planktonic SRB for 
performance and minimise the growth of many of the identified lactate-fermenting planktonic 
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microorganisms, such as Veillonella (11) and Enterobacter (16) in this study. In addition, all SRB 
which were identified in planktonic communities were also found within biofilms, but not vice 
versa, indicating SRB diversity would not be negatively affected were the role of the planktonic 
communities be reduced. 
9.1.6 SRB favour specific conditions  
Desulfovibrio (6), Desulfomicrobium (1) and Desulfobacter (18) were common to most BSR reactors 
and reactor environments. The remainder of the identified SRB were present in only a handful of 
reactor communities. The specific localisation of these SRB provided strong insight into these 
microorganisms preferred growth conditions. The major factors identified were the available 
electron donors, planktonic and biofilm conditions and the concentration of sulphate in the 
environment. Examples of these included the implication of Desulfobulbus (27) in propionate 
oxidation in the lactate-supplemented UAPBR and the scavenging of low concentrations of 
sulphate by Desulfatitalea (177) and Desulfatiglans (91) in the biofilm communities within the effluent 
zones of the UAPBRs. 
The preferential growth of SRBs for differing environmental conditions is highly pertinent to the 
inoculation and operation of BSR systems. The current approach to inoculation of BSR systems 
often recognises the need for microbial diversity but overlooks the need for particular SRB to fulfil 
particular roles within these systems. With this and further studies, it can become possible to 
design BSR inoculums and monitor BSR systems to ensure all required roles within these systems 
are met. 
9.2 Recommendations for future studies 
Several recommendations for further study are made in this section based on the conclusions 
outlined above. A schematic summarising some of the major implications for the operation and 
design of BSR reactor systems, based on the above conclusions, is shown in Figure 9-1.  
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Figure 9-1 Schematic summary of suggested operation and design parameters of semi-passive BSR 
reactor systems arising from the conclusions of this work. These operational conditions 
include the zoning of BSR reactor configurations to produce a range of ecological niches 
to which various SRB are able to become dominant, enhance the degree of biomass 
retention within the system to increase process robustness and supplement the process 
with a fermentable material for the passive generation of hydrogen which has been shown 
here to enhance the growth rates of acetate-oxidising SRB.   
 
9.2.1 Operation of semi-passive BSR systems supplemented with acetate and 
hydrogen 
The unanticipated evidence of hydrogen generation in these reactors was concluded to have 
facilitated the higher reactions rates in reactors where acetate oxidation by SRB was taking place. 
The additional supplementation of hydrogen in acetate-supplemented BSR systems should be 
further investigated, including the kinetics of mixed BSR cultures grown on acetate and hydrogen 
and the generation of hydrogen from low-cost sources. This hydrogen could be supplied indirectly 
through the additional of fermentable material, as conjectured in this study.  
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9.2.2 Evidence of microbial interactions in metagenomes 
The generation of 163 high-quality genome bins, associated with these BSR reactors has provided 
a database of not only SRB genomes but genomes of microorganisms associated with BSR systems. 
The spatial separation of many acetate-oxidising SRB from lactate oxidising microorganisms 
suggests either out-competition for space or antagonistic effects such as the production of 
antimicrobial compounds. Further investigation into these 163 genomes should aim to understand 
additional interactions between these microorganisms through investigations into secondary 
metabolite gene clusters within these genomes. Hypotheses which may arise from such an 
investigation should be tested through transcriptomic and/or metabolomic analyses. 
9.2.3 BSR Inoculum development 
Gene-amplicon sequencing of the six BSR reactor microbial communities revealed that individual 
SRB are often successful in specific environments. These environments have been characterised in 
this study based on electron donors present, the concentration of available sulphate and biofilm 
and planktonic conditions. Future studies, in pure culture or further metagenomics, should look 
to further characterise the ideal, and non-ideal, growth conditions and growth kinetics of these 
SRB and associated microorganisms. From this work, together with the cultivation or enrichment 
of these microorganisms, it will become viable to assemble desired inoculums for specific reactor 
configurations and required operating conditions. This would aim to increase sulphate 
conversions, reduce start-up periods and minimise downtime following system perturbations.  
9.2.4 Modification of the lactate-supplemented LFCR 
The lactate-supplemented LFCR underperformed compared to the lactate-supplemented CSTR 
and acetate-supplemented LFCR. It is recommended that the performance of the lactate-
supplemented LFCR be investigated with the following changes made to the operation of the 
reactor: 
The surface area to volume ratio within the reactor should be increased to allow additional biofilm 
formation and limit the contribution of the planktonic phase to lactate oxidation and sulphate 
reduction. Secondly, the removal of acetate from this system is thought to require zoning due to 
the competition between acetate-oxidisers and faster-growing lactate oxidisers. Therefore, two 
LFCRs should be connected in series allowing lactate oxidation to occur within a primary reactor 
and acetate oxidation and sulphate scavenging to take place in a secondary reactor.  
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9.3 Final remarks 
This work integrates detailed reactor performance data with gene-amplicon and genome resolved 
metagenomic analyses. The field of BSR would benefit greatly from further genome-resolved 
metagenomic and ecological studies into these systems to inform process design and operation. 
The provision of the genomes of the SRB and many other microorganisms from these systems is 
anticipated to serve as a useful tool for genetic analyses into the microorganisms associated with 
BSR. The outcomes of this work have several implications for the operation and design of future 
and current BSR systems. A number of these outcomes relate specifically to the robustness and 
performance of semi-passive reactor systems supplemented with low-cost electron donors. The 
major results of this work, therefore, are aimed to inform the development of low-cost BSR 
systems for the remediation of diffuse sources of ARD. Within South Africa, the development of 
these systems is urgently required.  
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Appendices 
A.1 Materials and Methodology 
A.1.1 Miscellaneous reagents 
Sodium 2-bromoethanesulfonate solution (BESA) 
Analytical grade sodium 2-bromoethanesulphonate was dissolved in appropriate reactor medium 
to 10 mM (CSTR, LFCR) and 20 mM (UAPBR). 
Phosphate-buffered saline (PBS) 
A 1x PBS solution was prepared containing 2.7 mM potassium chloride, 137 mM sodium chloride, 
and 1.76 mM potassium phosphate, at pH 7.4 
 
A.1.2 Sulphate assay  
Conditioning reagent  
Conditioning reagent was prepared by dissolving 75 g of sodium chloride in 30 mℓ hydrochloric 
acid (32%), 50 mℓ glycerol,100 mℓ absolute ethanol and 300 mℓ deionised water. 
Sulphate standard solution and standard curve 
A sulphate standard curve was generated concurrently with every sulphate assay. A standard stock 
solution of 10 g/ℓ sulphate was prepared by dissolving 14.78 g of analytical grade Na2SO4 in 
deionised water. This was diluted to a final concentration of 1 g/ℓ using deionised water and used 
to generate a standard curve of final sulphate concentrations of 10 to 50 mg/ℓ (Figure A1-1). Each 
standard curve was prepared in duplicate. 
 
Figure A1-1 Sulphate standard curve generated using the methodology described in Section 3.5.1. The 
gradient of the standard curve and the R2 goodness of fit are shown on the plot.  
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A.1.3 Sulphide assay 
N,N-dimethyl-p-phenylenediamine solution (DMPD) 
A 19 mM DMPD solution was prepared by dissolving 2 g of DMPD in 500 mℓ of 6 M hydrochloric 
acid. 
Ferric Chloride solution  
A 22 mM ferric chloride solution was prepared by dissolving 8 g of ferric chloride in 500 mℓ of 6 
M hydrochloric acid . 
Zinc acetate solution  
A 6.8 mM zinc acetate solution was prepared by dissolving 2.5 g of zinc acetate in 500 mℓ of 6 M 
hydrochloric acid.  
 
A.1.4 Volatile fatty acid analysis 
Volatile fatty acids (VFAs) were determined using HPLC against a standard curve of each respective 
VFA as shown in Figure A1-2. These standard curves were generated using analytical grade 
reagents which diluted using deionised water to six concentrations between 100 and 600 mg/ℓ. 
The differing elution times of each of these VFAs allowed these VFAs to be combined into a single 
sample before analysis.  
 
Figure A1-2 Standard curves of the assayed volatile fatty acids (VFAs) with concentrations between 
100 and 600 mg/ℓ of each respective VFA. 
 
A.2 Hydrodynamics of the LFCR 
Prior studies have demonstrated the LFCR to achieve complete mixing well within a single 
hydraulic residence time (Marais et al., 2020; Marais, 2020). The hydrodynamics of the LFCR were 
evaluated in this study using a step-up saline tracer study. The 2.4 ℓ LFCR was filled with deionised 
water and a conductivity probe was placed at the effluent port. Deionised water was initially 
supplied continuously to the reactor, via a peristaltic pump, at a six-hour HRT. After three 
minutes, the incoming deionised water was changed for a 1M NaCl tracer solution (t = 00:00:00, 
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Figure A2-1) and the six-hour HRT maintained. The residence time distribution (RTD), or F-curve, 
generated during the step-up tracer study showed a strong resemblance to that of an ideal CSTR 
(Figure A2-1).  
 
 
Figure A2-1 Residence time distribution (RTD) of the LFCR and a theoretical CSTR each operated at 
a six-hour HRT. This RTD curve was generated during a step up saline tracer experiment 
whereby a conductivity probe was placed at the effluent of the reactor, the reactor was 
filled with deionised water and a 1 M NaCl solution was pumped continuously into the 
reactor via the inlet port at a dilution rate of 0.167 h-1. 
The F-curve of the ideal CSTR was generated using the mixing equation shown below (Equation 
A2-1). This equation describes the concentration of a solute (C1) in a step up tracer experiment, 
given the concentration of the solute in the incoming stream (Ci), the applied hydraulic retention 
time (𝜏) and the time following the start of the continuous input of the tracer (t). 
     Equation A2-1 
The general shape of the RTD curve of the LFCR and its strong resemblance to that of the ideal 
CSTR allowed the conclusion that the LFCR is a relatively well-mixed system. Deviations from the 
F-curve of the CSTR in the first three hours of the experiment suggest some elements of non-
ideal flow occur within the reactor. For this reason, it was decided that the LFCR should be 
compartmentalised into two discrete zones (Section 3.3.2) which are both sampled simultaneously. 
 
A.3 Cell detachment protocol 
A cell detachment protocol was adapted from Chiume et al. (2012) and Govender et al. (2013) to 
enable the quantification of microbial cells attached to and associated with the incorporated solid 
support structures within the LFCRs and UAPBRs. The detachment protocol, described in Section 
3.6.2, was validated for use as described below.  
Twelve pieces of polyurethane foam were removed from each of the UAPBRs and twelve 
groupings of carbon microfibres were removed from each of the LFCRs prior to the establishment 
𝐶1 = 𝐶𝑖 ⋅ e
−
𝑡
𝜏 
Appendices   
284 
 
of steady-state at a four-day HRT. These twelve units of support structures were divided into 
three groups of four pieces and placed into one of three 50 mℓ sterilin tubes containing 30 mℓ of 
reactor medium without a supplemented electron donor. These solid support structures were 
taken through the cell detachment protocol as described in Section 3.6.2. Following each of the 
seven Tween ® 20 wash steps of this procedure, the supernatant from two of the three repeats 
were sampled and the quantity of cells detached from the four units of solid support structures 
were quantified by direct cell counting (Section 3.6.1). Where too few cells to be counted were 
present, the number of cells recovered was recorded to be zero. After seven wash steps had been 
performed, a piece of solid support structure was assessed for SEM analysis (Section 3.6.3; Figure 
A3-2 and Figure A3-4). The third repeat of four solid support structures were similarly taken 
through the cell detachment protocol but no cell quantification was performed. Instead, a 
representative piece of solid support structure was removed after the associated cells had been 
removed and after the first, second, fifth and seventh wash step had been performed. These were 
assessed by SEM analysis (Section 3.6.3; Figure A3-2 and Figure A3-4).  
The number of cells removed from the four units of polyurethane foam and carbon microfibres 
are shown in Figure A3-1 and Figure A3-3, respectively. These indicate that the majority of the 
cells detached from the polyurethane foam and the carbon microfibres were recovered in the first 
two to three Tween wash steps. No cells were recovered from the colonised carbon microfibres 
nor from the polyurethane foam removed from the acetate-supplemented reactors after four 
washes. Relatively small quantities of cells could be recovered from the polyurethane foam 
removed from the lactate-supplemented UAPBR between the fourth and seventh wash step. SEM 
analysis (Figure A3-2 and Figure A3-4) confirmed that the large majority of attached cells were 
removed during the initial wash steps and very few cells remained attached to the support 
structures after seven wash steps. It was therefore concluded that seven Tween wash steps were 
sufficient to recover the large majority of cells from these solid support structures.  
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Figure A3-1 The quantity of cells recovered from individual groupings of carbon microfibres removed 
from the lactate (green) and acetate (orange) supplemented LFCRs, following each step of 
the cell recovery protocol (Section 3.6.2). Mild agitation was used to dislodge matrix-
associated cells from the carbon microfibres. Matrix attached cells were detached by 
sequential washes containing 0.4% (v/v) Tween® 20 of the carbon microfibres with 
vigorous agitation for two minutes. The number of cells recovered from (A) individual 
wash steps and (B) cumulatively recovered between each wash step is shown. A total of 
seven wash steps using Tween® 20 were confirmed to remove the large majority of cells 
from the surface of the carbon microfibres (Figure A3-2). Error bars represent one 
standard deviation from the mean of two repeats each counted in duplicate. 
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Figure A3-2 SEM micrographs of the carbon microfibres, removed from the acetate-supplemented 
LFCR, during consequitive steps during a cell detchemnet protocol (Section 3.6.2). Carbon 
microfibres were viewed immediately following the removal of associated cells (A-C), the 
first wash step (D-F), the second wash step (G-I), the fith wash step (J- L) and the seventh 
(M-O) wash step. Scale bars are shown in each micrograph. 
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Figure A3-3 The quantity of cells recovered from individual units of polyurethane foam removed from 
the lactate (green) and acetate (orange) supplemented UAPBRs, following each step of the 
cell recovery protocol (Section 3.6.2). Mild agitation was used to dislodge matrix-
associated cells from the polyurethane foam packing. Matrix attached cells were detached 
by sequential washes containing 0.4% (v/v) Tween® 20 of the polyurethane foam packing 
with vigorous agitation for two minutes. The number of cells recovered from (A) individual 
wash steps and (B) cumulatively recovered between each wash step is shown. A total of 
seven wash steps using Tween® 20 were confirmed to remove the large majority of cells 
from the surface of the polyurethane foam (Figure A3-4). Error bars represent one 
standard deviation from the mean of two repeats each counted in duplicate.  
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Figure A3-4 SEM micrographs of the carbon microfibres, removed from the acetate-supplemented 
UAPBR, during consequitive steps during a cell detchemnet protocol (Section 3.6.2). 
Polyurethane foam pieces were viewed immediately following the removal of associated 
cells (A-C), the first wash step (D-F), the second wash step (G-I), the fith wash step (J- L) 
and the seventh (M-O) wash step. Scale bars are shown in each micrograph. 
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A.4 16S rRNA gene amplicon sequencing  
A.4.1 alpha diversity and sequencing statistics 
 
Table A4-1 The alpha diversity and sequencing statistics associated with the 16s rRNA gene amplicons 
sequencing of the microbial communities associated with the acetate-supplemented BSR 
reactors. 
  HRT (days) Phase OTUs Chao1 Shannon Inverse Simpson Goods Coverage 
CSTR 
5 Planktonic 141 155.3 4.57 0.9251 0.9983 
4 Planktonic 167 202.5 4.36 0.9074 0.9980 
4 Planktonic 119 150.1 3.96 0.8803 0.9970 
3 Planktonic 217 259.5 4.35 0.9119 0.9979 
2.6 Planktonic 253 321.1 5.08 0.9424 0.9974 
2.3 Planktonic 252 305.0 4.60 0.9144 0.9979 
2 Planktonic 280 386.6 4.77 0.9192 0.9976 
1.5 Planktonic 231 267.4 3.51 0.7639 0.9987 
1.3 Planktonic 246 315.8 3.54 0.7714 0.9984 
1 Planktonic 219 262.1 3.96 0.8558 0.9982 
1 Planktonic 219 278.1 4.00 0.8591 0.9982 
LFCR 
4 Planktonic 162 197.2 4.37 0.8914 0.9972 
4 Planktonic 158 174.7 4.45 0.8983 0.9979 
4 Associated 202 224.0 4.54 0.8897 0.9985 
4 Associated 190 263.9 4.33 0.8606 0.9974 
4 Attached  182 211.1 3.74 0.7756 0.9982 
4 Attached  206 231.1 3.88 0.7777 0.9983 
3 Planktonic 254 309.8 4.04 0.8516 0.9977 
3 Planktonic 277 349.0 3.92 0.8429 0.9981 
1.5 Planktonic 274 319.0 4.79 0.9318 0.9976 
1.5 Planktonic 249 299.1 4.54 0.9092 0.9976 
1 Planktonic 237 296.2 4.89 0.9271 0.9979 
1 Planktonic 262 359.8 4.87 0.9268 0.9975 
1 Planktonic 196 263.0 4.12 0.8629 0.9970 
1 Associated 302 347.6 4.44 0.8747 0.9981 
1 Associated 296 328.2 5.00 0.9300 0.9981 
1 Associated 301 330.3 5.02 0.9210 0.9987 
1 Attached  307 349.0 4.72 0.8881 0.9986 
1 Attached  306 359.0 4.54 0.8796 0.9983 
1 Attached  312 364.8 4.82 0.8947 0.9977 
UAPBR 
4 Planktonic 179 214.1 4.59 0.9217 0.9979 
4 Planktonic 192 221.1 4.40 0.8938 0.9969 
4 Planktonic 174 213.0 4.48 0.9088 0.9973 
4 Associated 179 204.2 4.68 0.9258 0.9979 
4 Associated 185 204.0 4.82 0.9395 0.9975 
4 Attached  188 212.2 4.10 0.8859 0.9983 
4 Attached  166 226.1 3.57 0.8254 0.9970 
3 Planktonic 314 381.0 4.47 0.8388 0.9981 
3 Planktonic 313 366.8 4.71 0.8786 0.9975 
3 Planktonic 202 234.8 3.17 0.6844 0.9961 
2 Planktonic 331 383.8 4.86 0.9237 0.9974 
2 Planktonic 348 410.1 5.57 0.9574 0.9977 
2 Planktonic 286 355.0 5.05 0.9381 0.9974 
1 Planktonic 283 407.5 4.91 0.9254 0.9965 
1 Planktonic 320 384.2 4.97 0.9280 0.9969 
1 Planktonic 260 304.6 4.45 0.9074 0.9975 
1 Planktonic 276 353.0 4.85 0.9265 0.9961 
1 Associated 313 344.4 3.92 0.7361 0.9983 
1 Associated 320 363.9 4.28 0.7903 0.9972 
1 Associated 291 323.8 4.07 0.7850 0.9980 
1 Associated 293 351.0 3.99 0.7848 0.9972 
1 Associated 280 375.3 4.05 0.8523 0.9970 
1 Associated 290 338.8 4.26 0.8815 0.9975 
1 Associated 262 323.7 4.18 0.8752 0.9971 
1 Attached  293 328.6 3.57 0.7293 0.9984 
1 Attached  280 357.0 4.04 0.8425 0.9977 
1 Attached  282 355.3 3.43 0.7086 0.9972 
1 Attached  271 299.8 3.76 0.7818 0.9981 
1 Attached  244 297.1 3.65 0.7790 0.9971 
1 Attached  314 373.9 3.87 0.7887 0.9983 
1 Attached  310 370.3 3.66 0.7457 0.9977 
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Table A4-2 The alpha diversity and sequencing statistics associated with the 16s rRNA gene amplicon 
sequencing of the microbial communities associated with the lactate-supplemented BSR 
reactors. 
  HRT (days) Phase OTUs Chao1 Shannon Inverse Simpson Goods Coverage 
CSTR 
5 Planktonic 101 134.8 3.17 0.7893 0.9982 
4 Planktonic 117 137.0 3.74 0.8738 0.9991 
4 Planktonic 106 129.1 3.71 0.8752 0.9990 
3 Planktonic 126 157.7 2.82 0.7234 0.9959 
2.6 Planktonic 203 240.9 3.58 0.8281 0.9986 
2.3 Planktonic 194 237.4 4.22 0.9122 0.9984 
2 Planktonic 183 245.6 3.83 0.8720 0.9984 
1.5 Planktonic 173 230.4 3.75 0.8789 0.9985 
1.3 Planktonic 169 195.5 3.46 0.8104 0.9988 
1 Planktonic 205 238.8 4.36 0.9138 0.9982 
1 Planktonic 206 257.0 4.36 0.9122 0.9984 
LFCR 
4 Planktonic 120 147.3 4.24 0.9178 0.9983 
4 Planktonic 134 168.4 4.44 0.9225 0.9980 
4 Associated 153 170.3 4.29 0.8973 0.9983 
4 Associated 136 198.0 4.10 0.9014 0.9977 
4 Attached  176 212.3 4.97 0.9432 0.9978 
4 Attached  171 182.5 4.70 0.9299 0.9986 
3 Planktonic 211 303.1 3.54 0.8001 0.9975 
3 Planktonic 193 216.6 3.39 0.7621 0.9988 
1.5 Planktonic 163 233.8 3.16 0.8025 0.9976 
1.5 Planktonic 169 201.8 3.92 0.8952 0.9984 
1 Planktonic 170 208.1 4.00 0.9015 0.9978 
1 Planktonic 174 229.0 3.11 0.7940 0.9982 
1 Planktonic 116 166.6 2.70 0.7618 0.9972 
1 Associated 180 216.4 4.21 0.9121 0.9983 
1 Associated 205 256.3 4.20 0.9089 0.9978 
1 Associated 172 219.0 4.36 0.9207 0.9979 
1 Attached  206 250.2 4.49 0.9276 0.9983 
1 Attached  180 221.1 4.35 0.9148 0.9985 
1 Attached  216 271.1 4.40 0.9182 0.9980 
UAPBR 
4 Planktonic 135 151.3 3.99 0.8807 0.9983 
4 Planktonic 176 213.3 4.35 0.8948 0.9976 
4 Planktonic 161 192.7 4.36 0.9070 0.9977 
4 Associated 168 227.4 4.01 0.8796 0.9972 
4 Attached  157 200.0 3.63 0.7925 0.9972 
4 Associated 129 141.7 3.47 0.8200 0.9992 
4 Attached  123 144.4 3.18 0.7744 0.9984 
3 Planktonic 317 394.1 5.02 0.9322 0.9967 
3 Planktonic 227 280.3 4.02 0.8848 0.9981 
3 Planktonic 354 437.0 4.97 0.9370 0.9978 
2 Planktonic 278 357.4 4.18 0.8462 0.9981 
2 Planktonic 236 272.4 3.95 0.8714 0.9984 
2 Planktonic 287 362.1 4.70 0.9233 0.9977 
1 Planktonic 301 374.1 4.33 0.8833 0.9976 
1 Planktonic 306 371.9 4.40 0.8894 0.9979 
1 Planktonic 207 259.5 4.03 0.8967 0.9979 
1 Planktonic 287 394.1 4.16 0.8835 0.9975 
1 Associated 240 346.4 4.56 0.9003 0.9976 
1 Associated 233 312.6 3.95 0.8550 0.9980 
1 Associated 272 355.3 4.05 0.8586 0.9974 
1 Associated 319 361.2 5.02 0.9374 0.9976 
1 Associated 303 344.6 5.01 0.9376 0.9979 
1 Attached  248 280.8 4.46 0.8937 0.9981 
1 Attached  228 263.8 3.44 0.8042 0.9979 
1 Attached  271 336.1 4.22 0.8744 0.9978 
1 Attached  329 400.2 4.96 0.9274 0.9983 
1 Attached  299 391.9 4.93 0.9254 0.9975 
1 Associated 257 324.0 4.03 0.8351 0.9976 
1 Associated 230 285.3 4.00 0.8332 0.9985 
1 Attached  240 280.6 3.93 0.8392 0.9982 
1 Attached  217 268.1 3.68 0.8119 0.9981 
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A.5 Genome-resolved metagenomics 
A.5.1 Investigated metabolic pathways 
Table A5-1 Metabolic pathways and associated genes used to ascribe a genome with the genetic 
capcity to perform various metabolic reactions.  
  
Wood-Ljungdahl pathway Lactate and propionate metabolism 
fdhA_formate_dehydrogenase cytochrome_c553_(lactate_degradatoin) 
carbon-monoxide_dehydrogenase lactate_permease_(carbon:lactate) 
fhs_formyl-tetrahydrofolate synthase  l-lactate_dehydrogeanse_(nad_&_cytochrome)_(carbon:lactate) 
methenyltetrahydrofolate_cyclohydrolase 2-oxoglutarate/2-oxoacid_..._(carbon:lactate) 
methylenetetrahydrofolate_dehydrogenase pyruvate_synthase/oxidoreductase_(carbon:lactate) 
acsB_ acetyl-CoA synthase formate_c-acetyltransferase_(carbon:lactate) 
methyltetrahydrofolate:corrinoid/iron-
sulfur_protein pyruvate_dehydrogenase_(carbon:lactate) 
methylenetetrahydrofolate_reductase acetyl-coa_synthetase_(carbon:lactate) 
 phosphate_acetyltransferase_(carbon:lactate) 
Reverse TCA acylphosphatase_(carbon:lactate) 
kora_2-oxoglutarate oxidoreductase  acetate_kinase_(carbon:lactate) 
citryl-CoA lyase_ccl and citryl-CoA synthase_ccsa dihydrolipoamide_dehydrogenase_(carbon:lactate) 
pyruvate_synthase pyruvate_carboxylase_(carbon:lactate) 
pep_carboxylase fumarate_hydratase_(carbon:lactate) 
frdA_Fumarate reductase  malate_dehydrogenase_(carbon:lactate) 
aconitate_hydratase methylmalonyl-coa_mutase_(carbon:lacate:propionate) 
isocitrate_dehydrogenase 
methylmalonyl-coa/ethylmalonyl-
coa_epimerase_(carbon:lactate:propionate) 
malate_dehydrogenase methylmalonyl-coa_carboxyltransferase_(carbon:lactate"propionate) 
Phosphoenolpyruvate_synthase malonate-semialdehyde_dehydrogenase_(carbon:lactate:propionate) 
succinyl-coa_synthase phosphate_acetyltransferase_(carbon:lactate:propionate) 
 acetate_or_propionate_kinase_(carbon:lactate:propionate) 
CBB pathway propionate_coa_transferase_(carbon:lactate:propionate) 
phosphoglycerate_kinase butyryl-coa_dehydrogenase_(carbon:lactate:propionate) 
rubisco formate_c-acetyltransferase_(carbon:lactate:propionate) 
fructose-bisphosphate_aldolase pyruvate_ferredoxin_oxidoreductase_(carbon:lactate:propionate) 
fructose-bisphosphatase methylcitrate_synthase_(carbon:propionate) 
phosphoribulokinase methylmalonyl-coa_carboxytransferase_(carbon:propionate) 
ribose-5-phosphate_isomerase propionyl_coa_carboxylase_(carbon:propionate) 
Glyceraldehyde 3-phosphate_dehydrogenase  
transaldolase Citrate metabolism 
sedoheptulose-bisphosphatase citrate_transporter_(carbon:citrate) 
ribulose-phosphate_3-epimerase citrate_lyase_(carbon:citrate) 
  
Acetate metabolism Urea cycle 
acetate_kinase Argininosuccinate_lyase 
acetyl-coa_synthetase Argininosuccinate_synthase 
phosphate_acetyltransferase Carbamoyl_phosphate_synthase 
Phosphoenolpyruvate_carboxylase Ornithine_carbamoyltransferase_ 
Phosphoenolpyruvate_synthase Ureohydrolase_Arginase 
pyruvate_ferredoxin_oxidoreductase  
methyltetrahydrofolate:corrinoid/iron-
sulfur_protein Sulphur metabolism 
carbon-monoxide_dehydrogenase sulphate_adenylyltransferase_sat_(so4_reduction:) 
fold_methylenetetrahydrofolate dehydrogenase sulfite_reductase_cysJ_(so4_reduction:ass) 
fhs_formyl-tetrahydrofolate synthase  cysH_paps_reductase_(so4_reduction:ass) 
methylenetetrahydrofolate_reductase adenylyl-sulfate_kinase_(so4_reduction:ass) 
methenyltetrahydrofolate_cyclohydrolase dsrAB_dissimilatory sulfite_redutase(so4_reduction:dis) 
methylenetetrahydrofolate_dehydrogenase aps_reducatse_aprab_(so4_reduction:dis) 
pyruvate_carboxylase soxAX_cysteine_s-thiosulfotransferase_(sulphideoxidation) 
citrate_synthase soxXY_sulphur_oxidation_protein_(sulphide_oxidation) 
 soxB_sulfosulfanyl_cysteine_sulfohydrolase_(sulphide_oxidation) 
Glycolysis soxcd_sulfane_dehydrogenase_(sulphide_oxidation) 
Hexokinase  
Glucose6phosphate isomerase TCA cycle 
Phosphofructokinase Citrate synthase 
Fructosebisphosphate aldolase Aconitase 
Triosephosphate isomerase Isocitrate dehydrogenase 
Glyceraldehyde3phosphate dehydrogenase ketoglutarate dehydrogenase 
Phosphoglycerate kinase Succinyl coenzyme A synthetase 
Phosphoglycerate mutase Succinate dehydrogenase 
Phosphopyruvate hydratase Fumarase 
Pyruvate kinase Malate dehydrogenase 
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A.5.2 Genome bin statistics 
Table A5-2  Genome statistics of the total 163 recovered microbial genome bins. These genome bins 
are described by their GC percentage, the average coverage from the dereplicated 
genome bin, the number of contigs in the genome bin, the number of features/genes, the 
estimated genome completeness and contamination, the size of the genome, the median 
contig length in each bin (N50). 
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BSR_Ace_LFCR_na_at_2_+ulfobacterales_57_55 57 55 72 5265 98 3 5.8 1.7E+05 
BSR_Ace_UAPBR_inlet_at_2_Synergistales_64_17 64 17 156 2483 100 0 2.6 3.7E+04 
BSR_Lac_UAPBR_inlet_at_Bacteroidia_47_18 47 18 31 1604 95 1 1.8 1.5E+05 
BSR_Ace_C_na_Sphaerochaeta_globosa_51_113 51 113 335 3337 90 1 3.4 2.3E+04 
BSR_Ace_LFCR_na_p_Geobacter_lovleyi_46_94 46 94 69 3300 99 0 3.4 1.2E+05 
BSR_Ace_C_na_2_Bacteroidetes_44_67_(50) 44 67 90 2215 95 2 2.5 5.8E+04 
BSR_Lac_LFCR_na_p_Bacteroidia_39_30 39 30 37 2195 97 0 2.5 4.1E+05 
BSR_Ace_UAPBR_effluent_at_Desulfarculus_baarsii_66_20 66 20 66 3341 99 0 3.6 1.4E+05 
BSR_Ace_UAPBR_middle_p_1_Bacteroidia_44_46 44 46 86 3205 100 1 3.7 9.9E+04 
BSR_Ace_UAPBR_inlet_at_2_BJP_IG2103_Bacteroidetes_41_9_47_32 47 32 161 3533 98 2 4.4 6.4E+04 
BSR_Ace_C_na_Sphaerochaeta_globosa_53_73 53 73 389 3657 98 2 3.6 2.2E+04 
BSR_Ace_C_na_Desulfovibrio_desulfuricans_58_43 58 43 43 2859 100 0 3.5 1.7E+05 
BSR_Ace_LFCR_na_p_Sphaerochaeta_globosa_51_20 51 20 55 2929 98 0 3.1 1.0E+05 
BSR_Ace_UAPBR_inlet_at_2_Desulfobulbus_propionicus_52_45 52 45 36 2519 100 0 2.8 1.6E+05 
BSR_Ace_UAPBR_inlet_p_GWF2_Bacteroidetes_43_11_curated_39_33 39 33 98 3143 98 2 4.1 6.3E+04 
BSR_Ace_UAPBR_inlet_at_1_Desulfovibrio_64_36 64 36 37 3090 100 0 3.4 1.5E+05 
BSR_Ace_UAPBR_effluent_at_Synergistales_59_15 59 15 161 3972 100 0 4.2 5.5E+04 
BSR_Ace_C_na_Klebsiella_oxytoca_56_23 56 23 93 5737 100 0 6.0 1.3E+05 
BSR_Ace_C_na_2_Bacteroidia_49_19 49 19 46 2988 97 2 3.8 1.7E+05 
BSR_Ace_UAPBR_effluent_at_2_Deltaproteobacteria_63_50 63 50 95 4046 99 3 4.4 7.8E+04 
BSR_Ace_UAPBR_effluent_p_Bacteroidetes_40_41 40 41 28 2366 97 1 2.8 2.2E+05 
BSR_Ace_C_na_2_Bacteroidales_35_10 35 10 183 2567 99 1 3.0 2.8E+04 
BSR_Ace_LFCR_na_p_Dysgonomonas_39_22 39 22 27 3408 99 0 4.1 3.2E+05 
BSR_Ace_UAPBR_inlet_p_1_Dethiosulfovibrio_peptidovorans_54_25 54 25 50 2592 100 0 2.7 1.3E+05 
BSR_Ace_C_na_2_Microgenomates_37_51 37 51 24 965 64 0 0.9 2.4E+05 
BSR_Ace_LFCR_na_p_RIFOXYB2_FULL_Tenericutes_36_25_curated_36_10 36 10 120 1606 99 1 1.6 2.0E+04 
BSR_Lac_C_na_Bacteroidia_44_10 44 10 253 3064 93 1 3.4 3.0E+04 
BSR_Ace_LFCR_na_p_1_Bacteroidales_43_13 43 13 49 2671 100 1 3.2 1.1E+05 
BSR_Lac_C_na_Desulfovibrio_70_18 70 18 74 3273 100 0 3.6 2.0E+05 
BSR_Ace_C_na_Synergistales_61_23 61 23 36 3215 100 2 3.4 2.2E+05 
BSR_Ace_LFCR_na_p_Desulfotomaculum_gibsoniae_47_21 47 21 33 3029 97 1 3.1 1.5E+05 
BSR_Ace_LFCR_na_p_1_Clostridiales_58_10 58 10 86 3043 98 0 3.1 6.5E+04 
BSR_Lac_UAPBR_effluent_at_1_GWC2_Bacteroidetes_46_850_curated_52_9 52 9 120 1776 97 1 2.0 2.4E+04 
BSR_Ace_C_na_Bacteroidia_43_15 43 15 97 3695 99 1 4.5 1.1E+05 
BSR_Ace_UAPBR_effluent_at_Phycisphaerae_63_30 63 30 66 4332 100 1 5.3 1.3E+05 
BSR_Ace_UAPBR_middle_p_Bacteria_50_28 50 28 52 2215 95 1 2.8 1.1E+05 
BSR_Ace_C_na_Bacteroidales_43_22 43 22 35 2824 100 1 3.4 1.6E+05 
BSR_Lac_UAPBR_effluent_p_2_Desulfomicrobium_baculatum_60_28 60 28 38 3782 99 0 4.1 3.6E+05 
BSR_Ace_UAPBR_effluent_p_Clostridiales_54_14 54 14 35 3038 99 0 3.2 1.7E+05 
BSR_Ace_LFCR_na_p_Sphaerochaeta_globosa_45_14 45 14 64 2994 98 1 3.3 8.6E+04 
BSR_Ace_UAPBR_inlet_p_Bacteroidales_40_21 40 21 67 3329 100 1 4.0 9.9E+04 
BSR_Lac_C_na_Clostridiales_55_36 55 36 53 3098 99 0 3.6 1.5E+05 
BSR_Ace_C_na_Clostridiales_57_14 57 14 63 3532 98 1 3.7 1.7E+05 
BSR_Lac_C_na_Aeromonas_veronii_59_14 59 14 35 4213 100 0 4.5 2.5E+05 
BSR_Lac_LFCR_na_p_Clostridiales_36_11 36 11 85 2442 97 0 2.5 5.0E+04 
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BSR_Lac_LFCR_na_at_1_Alphaproteobacteria_54_165 54 165 43 2098 90 0 2.1 1.6E+05 
BSR_Lac_UAPBR_middle_p_Sphaerochaeta_55_11 55 11 78 1948 98 0 2.1 4.6E+04 
BSR_Ace_C_na_Bacteroidetes_33_15 33 15 56 2079 97 1 2.4 1.3E+05 
BSR_Ace_UAPBR_effluent_at_Bacteria_64_7 64 7 669 4147 89 4 4.9 9.2E+03 
BSR_Ace_UAPBR_middle_p_Parabacteroides_42_25 42 25 71 3556 99 0 4.2 1.1E+05 
BSR_Ace_C_na_Bacteroidia_47_14 47 14 182 2191 92 4 2.4 2.2E+04 
BSR_Ace_C_na_Burkholderiales_68_7 68 7 588 4356 88 0 4.3 8.9E+03 
BSR_Lac_UAPBR_middle_p_1_Thermotogae_38_9 38 9 229 2310 93 1 2.3 1.3E+04 
BSR_Ace_LFCR_na_p_Parabacteroides_42_11 42 11 412 3591 98 3 4.0 2.0E+04 
BSR_Ace_LFCR_na_p_Oscillibacter_valericigenes_56_9 56 9 161 2816 99 0 2.8 2.8E+04 
BSR_Ace_UAPBR_effluent_at_Gammaproteobacteria_63_27 63 27 157 2921 100 0 3.1 4.5E+04 
BSR_Ace_UAPBR_effluent_p_Chlorobium_limicola_53_20 53 20 55 2443 98 0 2.6 1.1E+05 
BSR_Ace_UAPBR_effluent_p_2_Thiomonas_65_14 65 14 129 2942 99 1 3.0 4.1E+04 
BSR_Ace_LFCR_na_at_Clostridiales_56_12 56 12 21 1929 95 0 1.9 1.8E+05 
BSR_Lac_LFCR_na_at_2_Bacteroidia_44_21 44 21 90 3694 100 2 4.6 7.9E+04 
BSR_Lac_C_na_Spirochatetes_56_14 56 14 26 2811 99 0 3.0 1.6E+05 
BSR_Ace_UAPBR_inlet_at_Bacteria_57_9 57 9 165 2368 96 0 2.5 2.1E+04 
BSR_Ace_LFCR_na_p_Clostridiales_45_11 45 11 50 1754 95 0 1.8 6.5E+04 
BSR_Lac_UAPBR_effluent_p_2_Desulfovibrio_65_51 65 51 74 3562 100 0 3.9 1.3E+05 
BSR_Lac_UAPBR_effluent_at_Firmicutes_36_25 36 25 4 1139 99 0 1.2 6.0E+05 
BSR_Lac_LFCR_na_at_Clostridiales_48_8 48 8 228 2376 91 1 2.3 1.4E+04 
BSR_Ace_UAPBR_inlet_at_Firmicutes_56_7 56 7 466 3096 81 1 3.1 7.7E+03 
BSR_Ace_UAPBR_effluent_at_Armatimonadetes_related_68_12 68 12 542 5961 94 4 8.6 2.3E+04 
BSR_Lac_UAPBR_inlet_p_1_Bacteroides_graminisolvens_42_17 42 17 27 3002 99 1 3.6 1.8E+05 
BSR_Ace_UAPBR_inlet_at_Desulfovibrio_69_8 69 8 345 3274 95 1 3.1 1.2E+04 
BSR_Ace_C_na_Bacteroidia_45_6 45 6 1345 3799 85 10 3.3 2.8E+03 
BSR_Lac_LFCR_na_at_1_Aminobacterium_colombiense_44_34 44 34 27 2024 100 0 2.1 1.3E+05 
BSR_Ace_C_na_1_Firmicutes_37_11 37 11 91 992 97 3 0.9 1.6E+04 
BSR_Ace_LFCR_na_at_Aminobacterium_colombiense_45_9 45 9 89 1972 100 0 1.9 4.2E+04 
BSR_Ace_UAPBR_effluent_at_Desulfovibrio_66_33 66 33 185 3530 92 2 3.7 3.2E+04 
BSR_Lac_C_na_Dethiosulfovibrio_peptidovorans_55_25 55 25 17 2522 100 1 2.6 2.8E+05 
BSR_Ace_LFCR_na_p_Spirochatetes_56_7 56 7 320 2447 86 1 2.3 8.4E+03 
BSR_Ace_UAPBR_inlet_p_Desulfobacter_postgatei_49_15 49 15 114 3241 98 0 3.6 5.6E+04 
BSR_Lac_UAPBR_inlet_p_1_Firmicutes_40_18 40 18 47 3313 97 0 3.4 1.5E+05 
BSR_Ace_UAPBR_inlet_p_Clostridiales_37_6 37 6 1127 3864 80 6 3.4 3.9E+03 
BSR_inoc_BJP_IG2069_Synergistales_47_25_46_13 46 13 241 2210 96 0 2.1 1.3E+04 
BSR_Ace_LFCR_na_p_Bacteria_61_6 61 6 713 2433 85 7 2.2 3.9E+03 
BSR_Ace_UAPBR_effluent_at_Synergistales_60_7 60 7 308 2004 75 3 1.9 7.3E+03 
BSR_Ace_LFCR_na_p_Dethiosulfovibrio_peptidovorans_54_6 54 6 650 2469 86 0 2.1 4.1E+03 
BSR_Lac_LFCR_na_at_Desulfovibrio_65_13 65 13 841 4034 91 8 3.6 6.4E+03 
BSR_Ace_LFCR_na_at_Bacteria_35_8_(22) 35 8 256 1826 83 0 1.8 8.0E+03 
BSR_Ace_UAPBR_effluent_at_Synergistales_62_11 62 11 317 2805 86 2 2.7 2.2E+04 
BSR_inoc_Mesotoga_50_21 50 22 210 2891 99 6 3.0 3.0E+04 
BSR_Ace_UAPBR_effluent_at_Sphaerochaeta_globosa_60_6 60 6 798 3096 87 6 2.6 4.3E+03 
BSR_Lac_UAPBR_effluent_at_Deltaproteobacteria_58_15 58 15 64 4157 99 1 4.6 1.2E+05 
BSR_inoc_2_Alphaproteobacteria_63_16 63 16 25 4502 98 1 4.9 4.4E+05 
BSR_Ace_C_na_Firmicutes_38_9 38 9 76 1066 91 2 1.1 2.0E+04 
BSR_Lac_UAPBR_effluent_at_Bacteria_37_7 36 7 571 2579 95 3 2.4 7.8E+03 
BSR_Ace_UAPBR_middle_p_Paracoccus_versutus_68_139 68 139 103 5132 99 1 5.1 1.2E+05 
BSR_Ace_C_na_Firmicutes_32_7 32 7 279 1602 77 10 1.4 5.2E+03 
BSR_Lac_LFCR_na_at_Clostridiales_36_8 36 8 211 2061 92 0 1.9 1.2E+04 
BSR_Ace_UAPBR_middle_p_Alphaproteobacteria_56_10 56 10 113 1796 90 1 1.7 2.5E+04 
BSR_Ace_LFCR_na_at_Synergistales_46_5 46 5 893 2240 88 3 1.7 2.1E+03 
BSR_Lac_C_na_Oscillibacter_valericigenes_58_8 58 8 216 2715 94 1 2.7 1.9E+04 
BSR_Lac_LFCR_na_at_Aminobacterium_colombiense_42_11 42 11 97 2350 93 0 2.3 3.8E+04 
BSR_Ace_UAPBR_effluent_at_Firmicutes_35_5 35 5 599 1760 82 11 1.3 2.4E+03 
BSR_Ace_UAPBR_effluent_at_1_Desulfobacca_acetoxidans_53_18 53 18 79 2918 98 1 3.2 6.3E+04 
BSR_Lac_UAPBR_inlet_at_Alphaproteobacteria_55_21 55 21 75 2117 89 1 2.1 5.8E+04 
BSR_inoc_Sphaerochaeta_globosa_51_10 52 10 679 3440 82 6 3.1 8.0E+03 
BSR_Lac_UAPBR_effluent_at_Serratia_marcescens_60_10 60 10 170 4894 99 0 5.1 4.9E+04 
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BSR_Lac_C_na_Firmicutes_41_16 41 16 75 3349 97 0 3.5 9.5E+04 
BSR_Lac_UAPBR_effluent_at_Firmicutes_59_13 59 13 156 3209 95 3 3.4 4.2E+04 
BSR_Lac_UAPBR_inlet_p_Opitutales_65_8 65 8 453 3351 91 1 4.2 1.3E+04 
BSR_Lac_LFCR_na_at_Desulfovibrio_64_24 64 24 660 3492 76 3 3.2 7.9E+03 
BSR_inoc_Firmicutes_35_7 35 7 609 2108 85 7 1.6 3.4E+03 
BSR_Lac_UAPBR_inlet_at_2_Clostridiales_48_10 48 10 309 2848 96 0 2.9 1.2E+04 
BSR_Lac_LFCR_na_p_2_Acinetobacter_tandoii_40_9 40 9 169 3381 96 0 3.3 3.2E+04 
BSR_Ace_UAPBR_effluent_at_Rhizobiales_62_14 62 14 67 3753 89 1 3.9 9.2E+04 
BSR_inoc_Spirochatetes_46_10 46 10 58 1761 95 0 1.8 5.3E+04 
BSR_inoc_2_Bacteroidia_46_15 46 15 78 2136 95 1 2.3 5.6E+04 
BSR_Ace_UAPBR_effluent_p_2_Arcobacter_33_21 33 21 26 2237 100 0 2.3 1.2E+05 
BSR_inoc_2_BJP_IG2069_Synergistales_47_25_47_14 47 14 78 1990 100 0 2.0 5.5E+04 
BSR_Ace_UAPBR_effluent_at_1_Rhizobiales_51_26 51 26 56 3993 100 0 4.3 2.7E+05 
BSR_inoc_Wolinella_succinogenes_49_6 49 6 518 2331 94 5 1.9 4.9E+03 
BSR_Lac_LFCR_na_p_Citrobacter_freundii_52_21 52 21 93 5103 100 1 5.2 1.6E+05 
BSR_Lac_UAPBR_middle_p_Bacteroidales_bacterium_CF_41_9 41 9 440 3330 96 2 3.4 1.4E+04 
BSR_Lac_LFCR_na_at_Desulfovibrio_65_16 65 16 48 3194 99 0 3.4 2.4E+05 
BSR_inoc_Bacteroidetes_46_9 46 9 282 3451 92 1 4.0 1.9E+04 
BSR_Lac_LFCR_na_p_Stenotrophomonas_maltophilia_67_8 67 8 431 4574 99 0 4.6 1.8E+04 
BSR_inoc_Firmicutes_43_6 43 6 210 1344 84 7 1.2 6.6E+03 
BSR_Ace_UAPBR_middle_p_Thauera_sp__27_66_8 66 8 366 3839 96 1 4.0 1.5E+04 
BSR_Lac_C_na_Betaproteobacteria_67_11 67 11 293 5934 99 1 6.3 4.1E+04 
BSR_Ace_UAPBR_effluent_at_2_Draconibacterium_42_15 42 15 263 2739 99 2 3.0 1.6E+04 
BSR_inoc_Sphaerochaeta_globosa_50_11 50 11 486 2849 77 13 2.7 6.2E+03 
BSR_Lac_LFCR_na_p_Arcobacter_butzleri_27_17 27 17 34 2353 100 0 2.3 1.5E+05 
BSR_Lac_UAPBR_inlet_at_Clostridiales_61_7 61 7 465 3080 83 0 3.2 7.9E+03 
BSR_Lac_UAPBR_effluent_at_Sulfurovum_37_10 37 10 90 1741 98 2 1.6 2.9E+04 
BSR_Lac_UAPBR_inlet_p_Ochrobactrum_anthropi_56_5 56 5 2173 5681 84 12 4.5 2.3E+03 
BSR_inoc_Bordetella_65_7 65 7 525 4230 89 1 4.1 9.4E+03 
BSR_inoc_Desulfovibrio_65_12 65 12 483 4525 92 11 4.6 1.5E+04 
BSR_inoc_2_Dethiosulfovibrio_peptidovorans_54_30 54 30 100 2725 100 1 2.8 5.3E+04 
BSR_Lac_C_na_Desulfovibrio_69_9 69 9 318 2990 89 1 2.8 1.2E+04 
BSR_Lac_UAPBR_inlet_p_1_Veillonella_parvula_39_28 39 28 18 1874 100 0 2.0 4.3E+05 
BSR_Ace_UAPBR_effluent_at_1_Clostridia_48_25 48 25 28 2032 89 0 2.1 1.4E+05 
BSR_inoc_Pseudomonas_aeruginosa_67_10 67 10 212 5839 99 1 6.1 5.0E+04 
BSR_Lac_UAPBR_inlet_p_Rhizobiales_65_11 65 11 140 3996 100 1 4.1 7.2E+04 
BSR_Lac_UAPBR_effluent_at_Desulfobulbus_propionicus_57_36 57 36 99 3354 100 0 3.8 7.1E+04 
BSR_inoc_Bacteroidia_40_18 40 18 86 2094 94 2 2.5 4.3E+04 
BSR_Ace_UAPBR_effluent_p_Brevundimonas_diminuta_67_12 67 13 181 3445 99 3 3.4 3.2E+04 
BSR_Lac_C_na_1_Pseudomonas_putida_63_10 63 10 508 5624 98 2 5.8 2.7E+04 
BSR_Ace_UAPBR_inlet_p_Leucobacter_sp__UCD_THU_71_10 71 10 98 3824 100 1 4.1 7.3E+04 
BSR_Ace_UAPBR_middle_p_Paracoccus_69_26 69 26 22 2973 99 0 3.1 1.8E+05 
BSR_inoc_Tenericutes_37_12 37 12 61 1378 96 3 1.5 5.8E+04 
BSR_Ace_UAPBR_inlet_p_2_Bosea_sp__LC85_68_11 68 11 82 4471 99 1 4.6 9.6E+04 
BSR_Ace_UAPBR_middle_p_Brevundimonas_diminuta_68_10 68 10 219 3018 92 0 2.9 1.8E+04 
BSR_Ace_UAPBR_middle_p_Gammaproteobacteria_63_13 63 13 52 4897 100 2 5.4 2.1E+05 
BSR_Lac_UAPBR_effluent_at_Mollicutes_32_13 32 13 35 1704 99 0 1.8 9.6E+04 
BSR_Lac_UAPBR_inlet_at_Desulfovibrio_vulgaris_68_10 68 10 146 3242 99 1 3.8 4.1E+04 
BSR_inoc_Mesotoga_48_20 48 20 200 2646 92 1 2.8 2.6E+04 
BSR_inoc_2_Mollicutes_45_98 45 98 37 1574 97 0 1.7 1.5E+05 
BSR_Lac_UAPBR_effluent_at_Mesotoga_47_17 47 17 117 2922 100 0 3.1 6.8E+04 
BSR_inoc_Euryarchaeota_62_7 62 7 295 2209 93 13 2.0 8.9E+03 
BSR_Ace_UAPBR_effluent_p_Hydrogenophilales_68_7 68 7 520 3075 93 3 2.7 7.1E+03 
BSR_inoc_Thiotrichales_48_37 48 37 70 2654 100 0 2.8 1.0E+05 
BSR_Ace_UAPBR_inlet_p_Xanthomonadales_68_12 68 12 53 2642 92 7 3.0 1.2E+05 
BSR_inoc_Arcobacter_butzleri_29_10 29 10 161 1363 83 1 1.2 9.4E+03 
BSR_inoc_Tistrella_mobilis_68_15 68 15 51 5342 100 0 6.0 2.5E+05 
BSR_inoc_Cloacimonetes_37_5 37 5 556 1514 76 4 1.3 2.7E+03 
 
